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ABSTRACT
The distribution of certain trace elements in fine-grained 
clastic sedimentary rocks can be used to infer the composition of the 
upper continental crust. Elements which have low solubility in 
natural waters, and are relatively unaffected by weathering, physical 
sorting, diagenesis and metamorphism are useful. Examination of 
post-Archean shales indicate that rare earth elements (REE), Th and Sc 
are particularly valuable. The average REE content of the present-day 
upper continental crust, estimated from sedimentary data, has total 
REE=146 ppm, La/Yb=13.6 and Eu/Eu*=0.65. Eu-depletion in the upper 
crust is attributed to retention of Eu in residual calcic plagioclase 
during partial melting. Because such plagioclase is unstable below 40 
km, this depletion is of intracrustal origin. The REE pattern is 
consistent with a granodioritic composition for the upper continental 
crust, as suggested by large scale sampling programs in the Canadian 
Shield. Detailed examination of immobile trace elements in shales 
indicates no significant change in distribution during the 
post-Archean, suggesting uniform upper crustal composition for that 
time. Correlation between La and Th in post-Archean shales, with 
average La/Th=2. 8±0.2, allows an upper crustal Th concentration of 
10.7 ppm to be obtained from the sedimentary data. Using reasonable 
assumptions of certain element ratios (K/U, Th/U, K/Rb), abundances of 
K (2.8%), Rb (112 ppm) and U (2.8 ppm) in the upper crust can be 
estimated.
Examination of Archean clastic sedimentary rocks from West 
Greenland, Western Australia, Canada and South Africa, indicates these 
rocks have highly variable composition but have fundamental 
geochemical differences to post-Archean sedimentary rocks. They are 
depleted in most incompatible elements and enriched in ferromagnesian 
elements. Geochemical characteristics are best modelled by mixing of 
two chemical end members which are probably Archean mafic volcanics 
and felsic igneous rocks (tonalites-trondhjemites, felsic volcanics). 
The average REE pattern of exposed Archean crust, derived from the 
sedimentary data, has total REE=104 ppm, La/Yb=9.8 and Eu/Eu*=0.96. 
Lack of a significant negative Eu-anomaly indicates shallow melting 
was of minor importance in differentiating the Archean crust. Other 
upper crustal element abundances can be estimated from La-Th
iv.
systematics (La/Th=3.5±0.3 for Archean shales), known interelement 
relations (K/U, Th/U, K/Rb, Zr/Hf) and appropriate mixtures (derived 
from REE modelling) of average Archean mafic volcanics and felsic 
igneous rocks. An average composition for the total Archean crust is 
assumed to be equivalent to the average Archean volcanic rock. This 
composition is depleted in incompatible elements when compared to the 
Archean exposed crust.
The change in upper crustal composition is related to the 
Archean-Proterozoic boundary. Early Proterozoic sedimentary sequences 
from Canada (Huronian) and Australia (Pine Creek Geosyncline) reveal 
changes in trace element (particularly REE) characteristics. 
Sedimentary rocks from the base of these sequences are characterized 
by Archean-like REE patterns while those from the top have 
post-Archean REE patterns. Early Proterozoic sedimentary rocks from 
the Hamersley Basin have complex geochemical relations but the upper 
crust, acting as the source, had typical post-Archean characteristics. 
Changes in upper crustal composition are related to widespread K-rich 
acidic igneous activity which was endemic during the Late Archean. 
Isotopic evidence indicates this material represented new additions 
from the mantle with only short crustal residence times (100-200 
m.y.). Changing trace element characteristics in Early Proterozoic 
sequences record the unroofing and gradual excavation of this acidic 
material. Results from Late Archean sedimentary sequences in South 
Africa show that the change in upper crustal composition, while 
essentially episodic locally, was nonsynchronous on a global scale and 
lasted from about 3.2 to 2.5 Ae.
Effective removal of the Archean upper crustal trace element 
signature in sedimentary rocks at the Archean-Proterozoic boundary 
indicates a massive increase in area of exposed crust. Modelling of 
sedimentary REE patterns (particularly Eu/Eu*) suggests at least 
50-70$ of the exposed crust formed during the period 3.2-2.5 Ae. This 
is consistent with a major period of crustal growth at that time. If 
a constant freeboard model is adopted, modelling suggests a minimum of 
45-65% of the continental crust formed during the Late Archean. 
Crustal growth, of this magnitude and rate, may have provided barriers 
to ocean floor spreading and allowed the development of linear 
subduction zones, resulting in the initiation of modern plate tectonic
V.
processes. Such crustal growth also may have allowed development of 
stable epicontinental basins, facilitating the deposition of the 
extensive Early Proterozoic iron-formations.
Modern additions to the continental crust probably result from 
accretion of island arcs and have a composition approximating that 
of average andesite. Massive crustal growth during the Late Archean, 
suggested by the sedimentary data, raises doubts regarding the 
validity of this model for the entire continental crust. A new model 
of crustal composition is proposed, whereby average continental crust 
is derived from 80% Archean volcanics and 20% andesite. This is 
termed the ’Archean Model’. Such a composition is depleted in 
incompatible elements, with abundances of the most incompatible, such 
as Rb and Cs, being a factor of about 1.5 lower than predicted by the 
andesite model. Chromium and nickel abundances are 2-3 times higher 
in the Archean model compared to the andesite model. Both models have 
no Eu-anomaly, similar Rb/Sr and similar Sm/Nd ratios.
The amount of crustal material recycled through the mantle is 
crucial to models of crustal evolution. Post-Archean upper crustal 
rocks are characterized by a negative Eu-anoraaly while unfractionated 
island arc volcanics are not. Recycling of upper crustal material can 
be constrained by the Eu-anomaly imparted on the source of island 
arcs. Calculations indicate <1% sediment is involved if island arcs 
are derived from primitive or single stage depleted mantle.
It is generally held that the depletion of incompatible elements, 
relative to the primitive mantle, in mid-ocean ridge basalts (MORB) 
and mantle nodules is due to the extraction of the continental crust. 
The amount of mantle involved in crust formation appears to be 
unresolved, with estimates ranging from 30-70%. Assuming that 
interelement ratios among incompatible elements in MORB reflect the 
depleted mantle, modelling of crustal compositions, predicted by the 
Archean and andesite models, indicate the continental crust has been 
extracted from no more than about 25-40% of the mantle.
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CHAPTER 1 
INTRODUCTION
1.1 THE CONTINENTAL CRUST IN PERSPECTIVE
The continental crust is one of the most remarkable regions of 
the earth. It comprises considerably less than one-half percent of 
the earth’s mass, yet contains extreme concentrations of many elements 
(Table 1.1). Although the exact composition of the continental crust 
is model dependent (see following section), it has been estimated that 
>=30% of the K, Th, U and Cs in the crust plus mantle system now 
reside in the continental crust. Many other elements are 
concentrated to substantial^although somewhat lesser amounts (Taylor 
and McLennan, 198la,b). Thus, any attempt at examining the 
composition and geochemical differentiation history of the earth 
requires a fundamental understanding of the composition and evolution 
of the continental crust.
1.2 MODELS OF CRUSTAL GROWTH AND COMPOSITION
Examination of crustal rocks (Goldschmidt, 1954; Poldervaart, 
1955; Vinogradov, 1962; Taylor, 1964; Eade and Fahrig, 1971, 1973; 
Shaw et al., 1967, 1976) indicates that the upper continental crust is 
considerably more siliceous and enriched in the incompatible elements 
when compared to estimates of bulk earth composition (e.g. Taylor, 
1967). These studies (also see next section) indicate\the upper crust 
approximates to granodioritic composition with about 65-70$ Si02, 
2.5-3.5$ K20, 10-15 ppm Th and 2-3 ppm U (Taylor, 1977). Both 
geophysical evidence (e.g. Taylor, 1967; Sclater et al., 1980) and 
geochemical evidence (e.g. Heier, 1978, 1979) indicate that such 
compositions cannot be extrapolated to the base of the continental 
crust. Thus, the average composition of the entire continental crust 
cannot be presently measured and is therefore model dependent. Models
2TABLE 1 . 1  V a r i o u s  e s t i m a t e s  o f  t h e  c o m p o s i t i o n  o f  t h e  c o n t i n e n t a l  
c r u s t  an d  u p p e r  c o n t i n e n t a l  c r u s t . *
CONTINENTAL CRUST 
1 2  3 4
UPPER
CONTINENTAL CRUST 
5 6 7
S i 0 2 5 9 . 3 3 6 3 . 1 6 0 . 3 5 8 . 0 6 4 . 9 3 6 5 . 3 6 6 . 0
T i 0 2 0 . 7 3 0 . 7 5 1 . 0 0 . 8 0 . 5 2 0 . 5 3 0 . 6
A12 ° 3 1 5 . 3 6 1 5 . 2 1 1 5 . 6 1 8 . 0 1 4 . 6 3 1 5 . 9 1 6 . 0
FeO T 6 . 4 3 5 . 9 8 7 . 2 7 . 5 3 . 9 7 4 . 4 4 . 5
MnO 0 . 1 3 0 . 1 3 0 . 1 2 0 . 1 4 0 . 0 6 8 0 . 0 8 0 . 0 8
MgO 3 . 4 6 3 . 1 0 3 . 9 3 .5 2 . 2 4 2 . 2 2 . 3
CaO 5 . 0 8 4 . 1 7 5 . 8 7 . 5 4 . 1 2 3 . 4 3 . 5
Na2° 3 . 8 1 3 . 3 7 3 . 2 3 . 5 3 . 4 6 3 . 9 3 . 8
k2 ° 3 .1 2 3 . 0 1 2 . 5 1 . 5 3 . 1 0 2 . 8 7 3 . 3
P20 5 0 . 2 7 0 . 2 1 0 . 2 4
- 0 . 1 5 0 . 1 6 -
Cs 3 .2 3 . 7 3 1 . 7 - - 3 . 7
Eb 280 150 90 42 110 - 110
T l 0 . 3 1 0 . 4 5 - 0 . 5 2 0 - 0 . 5
Ba 430 650 425 350 1070 730 700
Pb 16 16 1 2 . 5 10 17 18 15
S r 150 340 375 400 316 380 350
Be 6 3 . 8 2 . 8 1 . 5 1 . 3 - -
Th 1 1 . 5 13 9 . 6 4 . 8 10 1 0 . 8 1 0 . 5
U 4 2 . 5 2 . 7 1 . 2 5 2 . 5 1 . 5 2 . 5
Zr 220 170 165 100 240 190 240
Hf 4 . 5 1 3 3 . 0 5 . 8 - 5 . 8
Nb 20 20 20 11 26 - 25
c o n t d
3TABLE 1 . 1  c o n t d .
1 2 3 4 5 6 7
Cr 200 83 100 55 35 76 35
V 150 90 135 175 53 59 60
Sc 5 10 22 30 7 12 10
Ni 100 58 75 30 19 19 20
Co 40 18 25 25 12 - 10
Cu 70 47 55 60 14 26 25
Li 65 32 20 10 22 - -
Zn 80 83 70 - 52 60 52
Gel 15 19 15 18 14 - -
La 18.  3 29 30 19 32 71 30
Ce 4 1 . 6 70 60 38 65 - 64
P r 5 . 5 3 9 8 . 2 4 . 3 - - 7 . 1
Nd 2 3 . 9 37 28 16 26 - 26
Sm 6 . 4 7 8 6 . 0 3 . 7 4 . 5 - 4 . 5
Eu 1 . 0 6 1 . 3 1 . 2 1 . 1 0 . 9 4 - 0 . 8 8
Gd 6 . 3 6 8 5 . 4 3 . 6 2 . 8 - 3 . 8
Tb 0 . 9 1 4 . 3 0 . 9 0 . 6 4 0 . 4 8 - 0 . 6 4
Dy 4 . 4 7 5 3 . 0 3 . 7 - - 3 .5
Ho 1 . 1 5 1 . 7 1 . 2 0 . 8 2 0 . 6 2 - 0 . 8 0
E r 2 . 4 7 3. 3 2 . 8 2 . 3 - - 2 . 3
Tm 0 . 2 0 0 . 2 7 0 . 4 8 0 . 3 2 - - 0 . 3 3
Yb 2 . 6 6 3. 3 3 .0 2 . 2 1 . 5 - 2 . 2
Lu 0 . 7 5 0 . 8 0 . 5 0 0 . 3 0 0 . 2 3 - 0 . 3 2
Y 2 8 . 1 29 33 22 21 21 22
* m a j o r  e l e m e n t s  i n  w e i g h t  p e r c e n t ;  t r a c e  e l e m e n t s  i n  ppm.
1.  G o l d s c h m i d t ,  1954
2.  V i n o g r a d o v ,  1962
3. T a y l o r ,  1964
4 .  T a y l o r  an d  McLennan,  1981b .
5 .  Shaw e t  a l . , 1 9 6 7 ,  1976
6 .  Eade  and F a h r i g ,  1 9 7 1 ,  1973 ;  F a h r i g  an d  E a d e , 1968 .
7 .  T a y l o r  and McLennan,  1 9 81b .
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concerning the origin of the continental crust generally fall into two 
categories, either early formation or continuous or quasi-continuous 
formation of the continental crust throughout geological time.
Extreme models of the first category include those of Harrison 
(1960), Gilvarry (1961) and Donn et al. (1965). Harrison (1960) and
■fchaf
Gilvarry (1961) suggested\the continents represent rim debris of huge 
meteorite impact sites, now ocean basins, which formed in an analogous 
fashion to the lunar maria. In even more spectacular fashion, Donn et 
al. (1965) suggested the continents were remnants of meteoritic 
material (of appropriate sialic composition) accreted to the earth 
during the latest stages of its formation. Such catastrophic models 
have received virtually no support. Considerably more plausible are 
the models of Armstrong (e.g. Armstrong, 1968, 1981 ), who suggested 
most, if not all, of the continents differentiated from the mantle 
early in earth history and have been continuously recycled through the 
mantle ever since.
The idea of continuous or quasi-continuous growth of the 
continental crust has received a great deal of support from the 
isotopic geochemists (e.g. Hurley and Rand, 1969; Moorbath, 1976, 
1977, 1978; Veizer, 1976a; McCulloch and Wasserburg, 1978). 
Moorbath claimed that about five separate periods of major crustal 
growth had occurred at 3000-3500, 2800-2500, 1900-1600, 1200-900, 
500-0 million years ago. Many other workers have supported such 
models on the basis of geological, geochemical and petrological 
grounds (e.g. Rubey, 1951; Wilson, 1952; Engel, 1963; Engel et 
al., 1974; Condie, 1976a; Ringwood, 1977; Windley, 1977).
Plausible models for the mechanism of growth of the continental 
crust are not abundant. The nature of the enrichment of elements in 
the crust argue strongly for crystal-liquid fractionation being the 
primary factor and indicate that one or more stages of partial melting 
from the mantle are required. Of the igneous rock types found at or 
near the surface of the earth, only four are voluminous enough to be 
considered as possible candidates for forming the bulk of new crust: 
oceanic basalts, continental basalts, arc-related igneous rocks and 
granites. Taylor (1967) examined this problem and concluded that 
island-arc andesites and related igneous rocks were the only rocks 
with appropriate volume and composition to be viable candidates for
5 .
Continental crust formation. Continental and oceanic basalts have 
inappropriate composition (ie.- too low in Si, K, Th, U, etc.). 
Granitic rocks are more difficult to dismiss. The bulk of granitic 
rocks presently exposed are comprised of the more potassic varieties, 
such as granites and adamellites. Such lithologies are inappropriate 
for generation of new crust since they are generally considered to be 
formed by shallow intracrustal processes (Tuttle and Bowen, 1958; 
Fyfe, 1973a,b). Quite recently, the importance of the sodic varieties 
of granitic rocks, the tonalite-trondhjemite suite, has been 
recognized in remnants of pre-2500 million year crust (e.g. McGregor, 
1979; Collerson and Bridgwater, 1979; Tarney et al., 1979). A 
commonly cited origin is through two stages of melting of mantle 
material (e.g. Barker and Arth, 1976; Arth, 1979; Peterman, 1979). 
Thus, assuming volume is not a problem (by no means clear), such rocks 
could be considered as condidates for the origin of continental crust. 
Tarney and Windley (1977) have, in fact, proposed a model of crustal 
growth whereby the continents formed by underthrusting of ocean crust 
at Cordilleran-type continental margins with subsequent underplating 
of calc-alkaline tonalite-granodiorite material. The process of 
underplating at continental margins is not proven on large scales and 
models invoking such mechanisms are extremely difficult to test 
scientifically at present (also see Taylor and McLennan, 1979a; a 
copy of this paper is given in Appendix 2).
The model of crustal formation suggested by Taylor (1967) has 
been termed the ’’Andesite Model" and assumes the average composition 
of the continental crust is equivalent to average andesite (Table 
1.1). Such a model for continental growth and composition has not 
been severely challenged even from the stringent tests imposed by 
plate tectonic theory (e.g. Ringwood, 1977; Taylor, 1977). The most 
recent estimate of this composition has been given by Taylor and 
McLennan, 1981b; Table 1.1).
Such a model composition is almost certainly very close to the 
composition of recent crustal additions. There are two points, 
however, which can be raised to question the appropriateness of such a 
model for the entire span of earth history. First, many geologists 
question whether plate tectonic processes, as seen today, operated 
during much of the Precambrian and particularly during the Archean 
(Fyfe, 1973a, 1974, 1978; Hargraves, 1976; McElhinny and McWilliams,
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1977; Kroner, 1977; Gorman et al., 1978; Taylor, 1979a; Tarling, 
1980). Second, there is some evidence which suggests that a large 
fraction of the continental crust had formed by about 2.5 Ae (Wise, 
1972, 1974; Veizer, 1976a,b; Windley, 1977).
1.3 THE UPPER CONTINENTAL CRUST: COMPOSITION AND EVOLUTION
The upper continental crust is reasonably exposed and readily 
available for direct sampling, and in this respect is unique among the 
various components of the earth. On the basis of seismic and 
heat-flow evidence, it is unlikely that upper crustal compositions 
extend below about 15-20 km (Taylor, 1967, 1977) and it is generally 
held that the upper continental crust represents about one-third of 
the entire continental crust (Taylor, 1967, 1977, 1979), although 
values as low as 25% have been suggested (DePaolo, 1979).
Theoretically, there are two methods of determining the average 
composition of the upper continental crust. Firstly, one can carry 
out extensive sampling programs over large areas, determine average 
compositions of different rock types and calculate crustal abundances 
using measured areal distributions of the various lithologies. This 
approach has been employed with reasonable success on the Canadian 
Shield by Eade and Fahrig (1971, 1973; also see Fahrig and Eade, 
1968) and by Shaw et al. (1967, 1976). These independent experiments 
agree reasonably well for most elements (Table 1.1) and support the 
idea of a granodioritic composition for the upper crust. While such 
an approach is probably best for determining present-day compositions, 
it does not easily allow for the determination of secular trends in 
composition, since exposure of representative older rocks becomes a 
severe problem.
A second method of determining upper crustal abundances is by 
using the natural sampling mechanisms of sedimentation. 
Theoretically, if the average composition of different types of 
sedimentary rocks (ie.- shales, limestones, quartzites, etc.) could be 
determined, weighted to their volume proportions and suitable 
corrections made for sedimentary recycling (Veizer, 1979; Veizer and 
Jansen, 1977) anc* f°r l°sses to the hydrosphere, then such a value 
should be equivalent to the composition of the upper crust exposed to 
weathering. An advantage of examining sedimentary rocks is that
7.
estimates could be made for any time in earth history providing 
suitable sedimentary material is present.
In Table 1.2 two estimates of the average sedimentary rock are 
compared to the most recent estimate of the upper continental crust 
from Table 1.1. The low Na content in sedimentary rocks is almost 
certainly due to losses to seawater and ultimately evaporites. 
Although there are other discrepancies (particularly for Fe and Ca; 
see Veizer, 1979) the comparison is reasonably good. A major source 
of discrepancy arises in estimating the correct proportions of various 
sedimentary lithologies (e.g. Sibley and Wilbancl 1977). A novel 
variation was suggested by Goldschmidt (1933, 1954) who proposed that 
large scale sampling was carried out through the process of glaciation 
with chemical weathering and alteration kept to a minimum. Several 
analyses of glacial material are also listed in Table 1.2 and again, 
the upper crustal values are predicted reasonably well although the 
abundances of Ca and Na in the glacial material are, in some cases, 
compromised by secondary processes. Glacial deposits are documented 
back to about 2.3 Ae (Young, 1970) and detailed investigation of such 
rocks should prove a fruitful avenue of research.
Collecting sufficient analytical data to estimate the average 
chemical composition of sedimentary rocks through geological time 
represents a herculean task, although attempts along this line have 
been reported with some success (e.g. Ronov, 1972; Ronov and 
Migdisov, 1971; Ronov et al., 1974; also see Schwab, 1978; 
McLennan, 1981). An alternative and considerably more practical 
method of examining crustal composition and evolution is to examine a 
specific sedimentary lithology. Ideally, the lithology should be 
abundant throughout geological time, have reasonably homogeneous 
composition and sample extensive areas of the continental crust. The 
fractionation of elements between the upper crust and the final 
sedimentary rock should be simple and predictable. Such an approach 
has been used for shales (e.g. Ronov, 1972; Ronov and Migdisov, 
1971; Van Moort, 1973; Garrels and Mackenzie, 1971) and carbonates 
(Veizer, 1978; Veizer and Garrett, 1978). These studies have dealt 
mainly with major element trends and, while secular trends have been 
noted, the interpretation of many of them is debatable (Veizer, 1973)-
The formation of clastic sedimentary rocks, involving weathering,
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erosion, transportation, deposition, diagenesis and, in some cases, 
metamorphism, provides a sampling of the exposed crust. How 
representative this sampling is depends on the type of sediment and on 
the behavior of the various chemical elements during its formation. 
For example, elements which are highly soluble (e.g. Na, Ca, Mg, K, 
Sr, Rb, U, etc.) will go into solution during weathering, 
transportation and diagenesis and be later concentrated in the oceans, 
evaporites, carbonates and altered ocean crust, thus not recording 
their crustal abundances in any simple fashion (Fig. 1.1). On the 
other hand, elements with low solubility and mobility, resulting in 
short residence times in sea water, will be transferred almost 
quantitatively into detrital sediments and will preserve a record of 
the source rock composition. The rare earth elements (REE) appear to 
meet these latter conditions (Fig. 1.1) and the extrordinary 
uniformity of their abundance patterns in clastic sedimentary rocks 
argues both for widespread sampling being carried out by sedimentary 
processes and for the inherent stability of the REE during the 
formation of sedimentary rocks. REE distributions in sedimentary 
rocks play an integral part in the present work and a brief summary of 
REE geochemistry in the sedimentary cycle is presented in Appendix 1.
Average REE abundances in shales have played a role in estimates 
of crustal composition since at least as early as 1954 (Goldschmidt, 
1954) when Goldschmidt used them directly in total continental crust 
estimates (Table 1.1). Taylor (1964) also used the uniformity of REE 
in sedimentary rocks to derive a table of crustal composition (Table
1.1) . In later studies, it has been realized that the average REE 
pattern of shales reflects the composition of the upper continental 
crust only (Taylor, 1977, 1979a; Taylor and McLennan, 1901a,b; Table
1.1) .
Variations in average sedimentary REE patterns have been noted 
with time (e.g. Wildeman and Haskin, 1973; Nance and Taylor, 1976, 
1977; Taylor, 1977, 1979a; etc.) and indicate that the Archean upper 
crust was considerably more mafic than the present-day upper crust. 
Investigation of these trends also plays a major part in this thesis 
and will be discussed in detail in later sections.
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Figure 1.1 Plot of log residence time in seawater (log q) versus 
log [concentration in seawater/concentration in upper continental 
crust] for several elements. Data from Holland (1978), Taylor and 
McLennan (1981b). Elements with the lowest concentration in sea­
water, relative to their crustal abundances (REE, Th, Sn, Zr, Hf, 
Nb, etc.) have the greatest potential for being transferred into 
clastic sediments and preserving a record of upper crustal compos­
ition.
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1.4 PURPOSES OF PRESENT INVESTIGATION
The present research is aimed primarily at acquiring an 
understanding of trace element distributions in fine-grained clastic 
sedimentary rocks and how they can be related to the composition, 
growth and evolution of the continental crust. Specifically, the 
purposes of this thesis are: 1) to document trace element 
characteristics of fine-grained sedimentary rocks and relate them to 
upper continental crust abundances; 2) to document any secular trends 
in trace element composition of fine-grained sedimentary rocks and 
relate them to possible evolution in the composition of the upper 
continental crust; 3) to examine changes in trace element abundances 
in fine-grained sedimentary rocks at the Archean-Proterozoic boundary 
and relate these changes to the evolution of the continental crust; 
4) to examine critically the "Andesite Model" of crustal composition 
and growth in light of the sedimentary rock data; 5) to examine some 
of the implications of the origin, growth and evolution of the 
continental crust on the chemical and isotopic differentiation history 
of the mantle, the nature of sedimentation with geologic time and the 
origin of Precambrian iron-formations; 6) to examine the implications 
of the composition of post-Archean sedimentary rocks for the origin of 
tektites.
1.5 SAMPLES, ANALYSES AND NOTATION
For the present work, the examination of Precambrian fine-grained 
sedimentary rocks has been emphasized. In Appendix 3, a summary of 
details concerning sample selection, sample description and notations 
are given. Also described are analytical methods and analytical 
results for several international rock standards (also see McLennan 
and Taylor, 1980a; reproduced in Appendix 4).
12.
CHAPTER 2
GEOCHEMISTRY OF POST-ARCHEAN SHALES
2.1 INTRODUCTION
There are surprisingly few geochemical studies of post-Archean 
fine-grained sedimentary rocks which include reasonably high quality 
data for both major and trace elements. The main data base employed 
in this study is from a series of Australian shales analysed by Nance 
(1975; also see Nance and Taylor, 1976) along with some additional 
samples described in the previous chapter and some of the Early 
Proterozoic Australian samples from this study. The criteria for the 
selection of samples is described in the Appendix 3, but most 
importantly, the samples are fine-grained clastic sedimentary rocks 
(shales, mudstones, etc.) with low or no carbonate content and are not 
first-cycle sediments such as those associated with island-arcs (e.g. 
Chappell, 1968). The analytical results on these samples are given in 
Appendix 5. To supplement these data, a compilation of post-Archean 
fine-grained sedimentary rocks and sediments, for sequences of various 
ages, is given in Table 2.1. The criteria for selecting these data 
were similar to those described above. Also considered were 
analytical quality (somewhat subjective), sample description and 
complete major element analyses or at least enough to characterize the 
suite.
It will be argued in Chapter 7 that there is little evidence in 
many of the trace elements for secular variations of composition 
during the post-Archean which can be related to the evolution of the 
composition of the upper continental crust. Thus, for such elements 
it is not unreasonable to consider the Australian sedimentary rocks, 
of widely separate ages, as a single group. It should be emphasized
TABLE 2.1 Average chemical composition* of various post-Archean shales (low carbonate).
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APHEBIAN
1
LATE
PROTEROZOIC
2
DEVON I AN 
3
CARBONIFEROUS
4
JURASSIC-
CRETACEOUS
5
RECENT
6
RECENT
7
Si02 6 3.4 + 4.7+ 59.77 + 1.26 61.17 + 1.90 57.4 + 2.4 56.7 + 3.2 55.8 + 5.9 57.5 + 4.1
Ti02 0.69 + 0.22 0.95 + 0.03 0.98 + 0.09 0.96 + 0.05 1.22 + 0.34 1.0 + 0.1 1.2 + 0.3
Al2°3 15.1 + 3. 8 13.65 + 0.40 19.65 + 1.26 21.4 + 0.7 18.81 +2.38 15.8 + 1.0 21.6 + 3.4
FeO** 5.0 + 1.9 4.90 + 0.41 6.66 + 0.63 4.10 + 0.67 5.2 + 1.1 6.5 + 0.5 7.7 + 1.7
MnO 0.05 + 0.06 0.07 + 0.02 0.07 + 0.02 0.11 + 0.05 0.07 + 0.05 0.16 + 0.05 0.13 + 0.05
MgO 2.12 + 0.84 3.75 + 0.28 2.03 + 0.32 1.13 + 0.12 1.16 + 0.27 2.2 + 0.3 1.8 + 0.5
CaO 0.43 + 0.37 4.01 + 0.87 0.38 + 0.15 0.62 + 0.27 1.38 + 0.76 1.4 + 1.0 1.5 + 1.0
Na20 1.1 + 1.1 1.17 + 0.10 1.16 + 0.30 0.44 + 0.06 1.10 + 0.27 2.4 + 0.5 0.75 + 0.41
K2° 5.08 + 1.45 3. 35 4- 0.14 3.70 + 0.25 4.00 + 0.42 2.94 + 0.38 2.3 + 0.1 2.5 + 0.79
P2°5 0.12 + 0.05 0.18 + 0.01 0.14 + 0.05 0.13 + 0.04 0.16 + 0.04 0.13 + 0.02 0.33 + 0.09
L.O. I .‘*’ + 6.50 + 1.85 7. 31 4- 0.75 3.77 + 0.46 9.95 + 1.08 10.42 + 1.83 11.0 + 1.0 -
99.,6 99.11 99.71 100.2 99.2 98.7 -
Cs - - . - 4.7 + 0.7 9 + 2 12 + 7
Rb 180 + 35 146 4- 7 - 211 + 34 157 + 16 155 + 11 121 + 60
Ba 902 + 853 858 4- 35 571 + 90 480 + 88 647 + 54 386 + 42 561 + 213
Pb 18 ± 7 21 + 2 2 4 + 3 14 + 6 - 2 3 + 3 226 + 221
Sr 54 + 31 160 + 32 710 + 78 131 + 28 102 + 34 157 + 39 128 + 84
Th _ . . - 11.7 + 2.0 - 15.5 + 1.7
U 6.3 + 2.1 - - - - - 3.7 + 1. 3
Zr - 225 4- 6 200 + 18 254 + 53 268 + 61 169 + 44 -
Th/U - - - - - - 4.2
Cr 97 + 56 8 3 4- 7 110 + 8 129 + 16 156 + 19 84 + 8 138 + 55
V 178 + 89 191 + 10 120 + 10 115 + 27 238 + 84 124 + 17 171 + 37
Sc 14 - 6 * 14 + 2 - 16.6 + 1.8 - 1 7 + 7
Ni 53 + 24 4 0 + 3 6 4 + 7 64 + 11 69 + 10 29 + 2 77 + 32
Co 25 + 31 - 1 8 + 2 35 + 18 1 5 + 3 11 + 1 27 + 10
Cu 88 + 96 3 0 + 3 1 8 + 5 28 + 4 - 18 + 2 98 + 90
Ga 20 + 5 19 + 1 19 + 2 24 + 6 - 21 + 1 2 3 + 7
Zn 85 + 75 62 + 5 - 84 + 14 110 + 26 - *
Li 52 + 32 22 + 2 110 + 26 - - 86 + 10 -
Cr/V 0.!54 0.43 0.92 1.1 0.66 0.68 0.81
V/Ni 3.4 4.8 1.9 1.8 3.5 4.3 2.2
Ni/Co 2. 1 - 3.6 1.8 4.6 2.6 2.9
Y 25 + 7 - 45 + 11 - - - -
B 24 + 7 184 + 13 - 124 + 29 - 81 + 5 74 + 38
Notes: * major elements in weight percent; trace elements in ppm. ** Total Fe as FeO
♦ uncertainties represent 95% confidence levels. ++ includes H20, C02, C, S where analysed.
1. Average of 5 composites (involving 326 samples) of Aphebian shales from the Canadian Shield; Cameron and Garrels, 1980.
2. Average Late Proterozoic Tapley Hill Formation shales (150 samples; 120 only for trace elements), Australia;
Sumartojo, 1975.
3. Average Devonian Littleton Formation shales (18 samples major elements, Ba; 63 samples, other traces), USA; Shaw,
1954a,b, 1956.
4. Average Carboniferous shale (19 samples; 8 only for P2O5, Co, Ga, Li), Great Britain; Nicholls and Loring, 1962;
Hirst and Kaye, 1971.
5. Average Jurassic-Cretaceous siltstone and shale (26 samples), Norway; Dypvik, 1979.
6. Average Recent mud (11 samples, 5 only for Si02; 10 only for L.O.I.), Gulf of Paria; Hirst, 1962a,b.
7. Average suspended matter from 8 major rivers (Amazon, Congo, Ganges, Garonne, Mekong, Niger, Orinoco, Parana)(7 only
for Na20, P-O^, Ba, Sr, Th, Ni; 6 only for La, U, V, Cu; 5 only for Cs, Rb, Pb, B, Sc, Ga; samples heated to 600*C
before analysis); Martin and Meybeck, 1979.
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that these samples can only be considered as representative of 
continentally-derived epiclastic fine-grained sedimentary rocks.
Since data on post-Archean sedimentary rocks are meagre, 
pronouncements on geochemical behavior are not well founded. On the 
other hand, an attempt will be made to show that a number of trace 
elements with similar chemical characteristics (e.g. rare earth 
elements, ferromagnesian elements, etc.) behave coherently and 
reasonably predictably in clastic sedimentary rocks. Finally, an 
estimate of "average shale" will be determined and compared to the 
upper crust.
2.2 SOME GEOCHEMICAL INFLUENCES ON SEDIMENTARY ROCK COMPOSITION
Elements which are easily mobilized during weathering, diagenesis 
and metamorphism or which are not necessarily transported essentially 
quantitatively into clastic sedimentary rocks are of little value in 
examining crustal abundances or crustal evolution. Thus it is 
important to distinguish the "mobile" from "immobile" elements. The 
fractionation of the elements between the upper crust and final 
sedimentary rock involves complex chemical and physical processes such 
as weathering, chemical and physical erosion, physical sorting during 
transport, diagenesis and, occasionally, metamorphism. From a 
chemical point of view, Goldschmidt (1937) has pointed out that this 
fractionation is analagous to the chemical separation carried out 
during classical wet chemical analyses of silicate rocks.
2.2.1 Weathering
Well documented studies of trace element mobility during 
weathering are not abundant, although the chemical environment of 
weathering is fairly well understood (e.g. Garrels and Mackenzie, 
1971). Kronberg et al. (1979) have described three main stages in 
the development of intensely weathered profiles: 1) formation of 
complex smectite clays (illite-montmorillonite) with high 
cation-exchange capacity; 2) leading to kaolinite-quartz assemblages 
with decreased cation-exchange capacity; 3) leading to 
gibbsite-quartz (goethite-heraatite) mineralogy with decreasing silica 
activity, resulting in severe reduction of cation-exchange capacity.
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High rates of mechanical erosion necessary to form clastic 
sediments, generally follow periods of significant uplift (Garrels and 
Mackenzie, 1971) and it is unlikely that the bulk of clastic sediments 
are derived from highly weathered sources. Thus, in considering the 
overall effects of weathering on shale composition, it is probably 
most appropriate to examine the illite-montmorillonite and, to a 
lesser extent, kaolinite-quartz phases.
Under such conditions, the alkali and alkaline earth elements are 
quite mobile, in solution, although the larger cations, such as Rb, 
Cs, Ba are commonly retained, adsorbed on clays (Kronberg et al., 
1979; Nesbitt et al., 1930). Relatively immobile elements include 
the Al-group (Al, Ga), Ti-group (Ti, Zr, Hf), REE (including Y, Sc) 
and other high field strength ions such as Th and Nb. First row 
transition metals tend to be relatively immobile although some Ni, V 
mobility is apparent (Kronberg et al., 1979). Silicon is generally 
retained in quartz although dissolution of quartz during weathering is 
a common phenomenon.
2.2.2 Physical Transport
During mechanical transport, physical sorting of material is 
primarily controlled by two parameters: grain size and specific 
gravity. The effects of both these parameters on the composition of 
sediments are relatively uncomplicated. Large particles (gravels, 
sands) tend to be deposited in proximal environments while small 
particles (silts, clays) are generally deposited in distal 
environments. Table 2.2 shows chemical analyses for various grain 
sizes from the Barents Sea and Gulf of Paria. In both cases, many 
chemical features can be related to the concentration of clay minerals 
mainly at the expense of quartz in finer-grained material; going to 
finer grain sizes, the following features are apparent: 1) decrease 
in Si02; 2) increase or little change in all other elements except 
Ca, Sr, Zr. The elements Ca and Sr show rather erratic behavior, 
possibly due to solubility controls or carbonate minerals. The 
decrease in Zr is probably due to retention of zircon in the coarser 
fraction (Calvert, 1976).
Due to the high specific gravity and resistate nature of a number 
of minerals (heavy minerals), they are commonly concentrated in
1 6 .
TABLE 2 .2 C h em ica l c o m p o s i t i o n * o f  v a r i o u s g r a i n  s i z e f r a c t i o n s .
SAND
BARENTS SEA 
SILT CLAY
GULF OF PARIA 
SAND CLAY
S i 0 2 8 3 . 0 0 7 3 . 8 7 4 8 . 7 3 7 8 . 5 0 5 5 . 0 2
T i 0 2 0 . 1 6 0 . 7 1 0 . 9 8 0 . 4 5 0 . 7 2
A12 ° 3 7 . 5 7 1 1 . 0 8 1 9 . 1 2 6 . 1 2 1 6 . 6 1+
FeOT 1 . 4 4 2 . 2 8 8 . 5 3 4 . 2 2 6 . 5 3
MnO 0 . 0 4 3 0 . 0 5 8 0 . 0 9 4 0 . 0 9 0 . 2 6
MgO 0 . 5 3 1 . 3 7 3 . 1 7 0 . 8 9 2 . 1 9
CaO 0 . 8 2 1 . 8 0 0 . 8 9 6 . 7 0 1 . 5 7
Na2 °
- 2 . 4 8 - 1 . 1 8 2 . 7 6
K2 ° 1 . 9 7 2 . 2 3 3 .4 9 1 . 1 4 2 . 3 2
P2°5 0 . 0 7 0 . 1 2 0 . 3 7 0 . 1 1
0 . 1 8
Rb - 65 173 47 76
Ba - 769 671 301 394
Pb - 17 53 13 22
S r - 280 177 147 210
L cl - 34 66 - -
Ce - 61 121 - -
Y - 34 28 - -
Th - 10 18 - -
Zr - 393 131 413 169
Cr - - - 31 93
V - - - 79 146
Ni - 22 83 16 31
Co - - - 8 12
Cu - 20 96 7 17
Ga - - - 7 22
Zn - 49 245 - -
B - - - 60 81
* m a j o r  e l e m e n t s  i n  w e i g h t  p e r c e n t ;  t r a c e  e l e m e n t s  i n  ppm.
+ t o t a l  Fe a s  FeO.
D a ta  s o u r c e s :  W r i g h t ,  1 9 7 2 ;  H i r s t ,  1 9 6 2 a , b  ( r e f e r e n c e s  c i t e d  i n
C a l v e r t ,  1976) .
17.
sediments with relatively coarse grain size such as sandstones and 
siltstones (Table 2.2). Common heavy minerals include zircon, rutile, 
tourmaline, monazite, apatite and sphene. From the point of view of 
geochemical balance, the elements most affected are Zr, Hf, Nb, Ta 
(zircon, rutile, sphene), B (tourmaline) and to a lesser extent Sr 
(apatite), REE and Th (zircon, monazite, sphene, apatite; see 
Appendix 1).
2.2.3 Diagenesis
Erosion and transport of sediment generally occurs under fairly 
oxidizing conditions at more or less constant pH, pressure and 
temperature. Upon deposition, these parameters can change drastically 
and thus influence the composition of the sediment (see review of 
Price, 1976). As in the case of weathering, the more soluble alkali 
and alkaline earth elements are susceptible to movement and 
redistribution (K distribution in relation to illite stability is a 
classic example). The anoxic conditions under which many sediments 
are deposited can have severe consequences; for example Fe and Mn, 
which are generally insoluble at surface conditions, may change 
oxidation state and become readily soluble and mobilized. Table 2.3 
compares trace element data for oxic and anoxic sediments from the 
same basin (Oslo Fiord). Other than Mn (see above), the elements Cu, 
Mo, Pb, Zn are clearly enriched in the anoxic sediments. The reasons 
for enrichments are unclear but incorporation in sulphide phases or 
adsorption on organic compounds are possibilities (Calvert, 1976). 
Similarly, U is also enriched commonly in anoxic sediments (Calvert, 
1976). The enrichment of U is almost certainly affected by the 
reduction of soluble U+6 to the relatively insoluble form U+4 and 
precipitation as U(0H)4 or other appropriate compound. Another common 
feature of diagenesis is enhanced solubility of silica (e.g. 
Pettijohn, 1975).
2.2.4 Metamorphism
Element mobility (particularly for trace elements) during 
metamorphism of pelitic rocks is inadequately understood and no 
substantial advancement has been made since the pioneering work on the 
Littleton Formation by Shaw (1954a,b, 1956). In terms of major 
elements, during regional metamorphism (up to about silliraanite
TABLE 2.3 Trace elements in oxic and anoxic
sediments from Oslo Fiord (in ppm) .
Oxic Anoxic SignificantDifference
Mn 3990 5743 *
P 1305 1322
Rb 162 149
Ba 768 735
Pb 94 148 *
Sr 230 241
Y 38 37
Zr 235 197 * ?
Mo 5 33 *
Cr 113 125
V 186 181
Ni 54 55
Co 24 27
Cu 54 133 *
Zn 342 571 *
+ from compilation of Calvert (1976)
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grade), Shaw (1956) found little change in the major elements beyond 
loss of water and carbon dioxide. Trace elements also showed little 
evidence of mobility (Shaw, 1954a) except that Li and Pb increased 
dramatically (factor of 2). Possible decreases in Ni and Cu were 
considerably less well defined. Ronov et al. (1977) also noted only 
minor geochemical effects during progressive regional metamorphism of 
sedimentary rocks. Under very high grades of metamorphism, such as 
granulite grade, many elements, including K, Rb, Cs, Th, U are highly 
mobile, probably in fluid phases (e.g. Tarney and Windley, 1977).
2.2.5 Discussion
In assessing the overall effects of the preceeding discussion on 
the composition of fine-grained sedimentary rocks, particularly the 
relationship to crustal abundances, it is instructive to examine 
Figure 1.1. The ratio of seawater concentration/upper crust 
concentration (log ([SW]/[UC])) varies over 8 orders of magnitude. 
Elements with high log([SW]/[UC]) (>=-4), including the alkalis, 
alkaline earths, B, Mo, U are highly soluble and are not likely to 
simply reflect crustal abundances in fine-grained sedimentary rocks. 
Elements with very low log([SW]/[UC]) (<=-5.5), including Ti-group 
(Ti, Zr, Hf), Al-group (Al, Ga), REE (including Y and Sc), Th and Nb 
are probably delivered, almost quantitatively into clastic sedimentary 
rocks and probably give the best information regarding the source. 
This conclusion is further supported by the very low abundances of 
these elements in chemical sedimentary rocks such as carbonates, 
evaporites and iron-formations. The elements Fe, Mn, Pb also have low 
concentrations in seawater but these elements are readily mobilized 
during diagenesis and metamorphism (see above). The remaining 
elements with intermediate log([SW]/[UC]) include first row transition 
metals (Cr, V, Ni, Co, Cu) and Ba. These elements may also give some 
information of source composition, although considerably more caution 
is warranted. Silicon, with intermediate log([SW]/[UC]), is severely 
undersaturated in seawater, probably due to the presence of 
silica-secreting organisms. In the past, it is possible that the Si 
concentration in the Precambrian oceans was considerably higher (>=120 
ppm; log([SW]/[UC])>=3.4). Similarly, Fe and Mn may have had much 
higher solubility during the early Precambrian in response to much 
lower oxidation state of the atmosphere and hydrosphere (Holland, 
1973).
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2.3 MAJOR ELEMENT CHARACTERISTICS
Detailed study of major element abundances in sedimentary rocks 
is not a major purpose of this thesis. However, a brief examination 
of major element characteristics is instructive, if only to show the 
difficulty in using these elements in studies of crustal evolution. 
Figure 2.1a plots the shale data on the familiar Na.20-Ca0-K20 ternary 
diagram. The data show considerable scatter but are characterized by 
low Na20, Ca.O and high K20. The cause of higher K20/Ca0 ratios} when 
compared to other estimates of average shale, is due to the fact that 
samples in this study were chosen to have low carbonate content. The 
sediment data in no way resemble upper crustal characteristics. 
Similarly, on an AFM diagram (Fig. 2.1b), the sediment data show 
considerable scatter and are not similar to upper crustal values. The 
sedimentary rocks are depleted in Na20 + K20 and tend to have lower 
MgO/FeO ratios. It should be recalled, that many of the models of 
crustal evolution rely heavily on alkali and alkaline earth element 
abundances in fine-grained sedimentary rocks (e.g. Ronov, 1964; 
Ronov and Migdisov, 1971; also see Veizer, 1973).
Even when relatively immobile major elements, such as A1 and Ti 
are considered, the results are somewhat disappointing. Although 
there is a general sympathetic relation between these two elements 
with relatively constant A1203/Ti02 in the range 20-25, the scatter is 
considerable. The upper crust estimate has somewhat higher 
A1203/Ti02=27 and there may be fractionation of these elements during 
shale formation.
2.4 TRACE ELEMENT CHARACTERISTICS 
2.4.1 General
The so-called immobile trace elements show considerably less 
relative dispersion than the alkali and alkaline earth major elements. 
This can be shown in two ways. Figure 2.2a plots the post-Archean 
shale data along with some average or typical igneous data on a 
Th-Hf-Co ternary diagram. These three elements have very different 
geochemical behavior and yet the shale data are confined to a fairly 
restricted area. Compared to the upper continental crust, the shales 
are clearly depleted in Hf and enriched in Co yet still compare
2 1 .
FeO CaO
l4A ASC
F i g u r e  2 . 1  (a)  Na20-Ca0-K.20 t e r n a r y  d iag ra m  and (b) AFM t e r n a r y
d iag ra m  f o r  p o s t - A r c h e a n  s h a l e s .  S o l i d  c i r c l e s  -  A u s t r a l i a n  s h a l e s  
(Appendix 5 ) ;  open t r i a n g l e s  -  p o s t - A r c h e a n  s h a l e s  f rom Tab le  2 .1  
(numbers c o r r e s p o n d  to  column n u m b e r s ) ; UC -  u p p e r  c o n t i n e n t a l  
c r u s t ;  TC -  t o t a l  c o n t i n e n t a l  c r u s t  ( p r e d i c t e d  by a n d e s i t e  m ode l ) ;  
ASC -  e s t i m a t e  o f  t h e  a v e r a g e  s h a l e  ( C l a r k e ,  1924 ) ;  ASK -  e s t i m a t e  
o f  a v e r a g e  s h a l e  (K ra u s k o p f ,  196 7 ) ;  IAB -  t y p i c a l  i s l a n d  a r c  b a s a l t ;  
OFB -  t y p i c a l  ocean  f l o o r  b a s a l t .  Note  t h e  wide  s c a t t e r  o f  t h e  
s e d im e n t  d a t a  i n  t h e  Na20-C a0-K20 d i ag ram  and l a c k  o f  r e s e m b la n c e  t o  
t h e  uppe r  c r u s t  c o m p o s i t i o n .
Th La
F i g u r e  2 .2  (a)  Th-Hf-Co t e r n a r y  d iag ra m  and (b)  La-Th-S c  t e r n a r y
d iag ram  f o r  p o s t - A r c h e a n  s h a l e s .  Symbols d e f i n e d  i n  F i g .  2 .1  
(AS -  a v e ra g e  s h a l e ,  t h i s  s t u d y ) .  Note t h e  low d i s p e r s i o n ,  w i t h  
r e s p e c t  to  t h e s e  p a r a m e t e r s  and t h e  s i m i l a r i t y  o f  t h e  d a t a  t o  the  
p r e s e n t  uppe r  c o n t i n e n t a l  c r u s t  (UC), p a r t i c u l a r l y  i n  compar ison  
t o  o t h e r ,  more m af ic  c o m p o s i t i o n s .
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favourably as opposed to total crustal composition or other more mafic 
compositions. When three immobile trace elements (La-Th-Sc) which 
show some similar geochemical characteristics in clastic sedimentary 
rocks are compared (Fig. 2.2b), the data are again not highly 
dispersed and compare very favourably to upper crustal abundances 
while differing significantly with more mafic compositions. Such 
comparisons suggest these elements can be used with some confidence in 
examining elemental abundances and compositional evolution of the 
upper continental crust.
2.4.2 Rare Earth Elements (REE)
More detailed examination of REE in sedimentary rocks (including 
shales) along with normalizing factors and a discussion on the 
philosophy of using these elements in estimating crustal abundances 
are given in Appendix 1. Chondrite-normalized REE patterns of average 
post-Archean Australian shales of different ages (data from Appendix 
5) are given Figure 2.3. All patterns are characterized by high total 
REE, LREE enrichment, flat HREE distributions (ie.- (Gd/Yb)N=1) and a 
substantial negative Eu-anomaly. Taylor and McLennan (1981a) 
calculated the following average statistics for post-Archean shales: 
total REE=171±18 ppm; (La/Yb)N=9.2+0.7; Eu/Eu*=0.65+0.02 (all at 95£ 
confidence level).
Nance and Taylor (1976) suggested there was some indication of 
increasing total REE with time for post-Archean Australian shales. 
This aspect will be discussed in further detail in Chapter 7, but 
recently acquired data makes such a suggestion less well founded.
The importance of REE distributions in examining upper crustal 
abundances cannot be over-emphasized. There is a clear and systematic 
variation in total REE and (La/Yb)N with composition (Fig. 2.4). 
Both (La/Yb)N and total REE tend to increase towards more felsic 
composition in the common and voluminous igneous rocks. Thus these 
parameters, if well known in sedimentary rocks, should give a fairly 
precise index of crustal composition. The negative Eu-anomaly in 
sedimentary rocks argues strongly for intra-crustal melting being very 
important in the generation of the present upper continental crust. 
The ultimate cause of the negative Eu-anomaly is due to the 
differences in crystal radii (all crystal radius data from Shannon,
23.
’ 000
TRI A S S I C 
P E R M O - C A R B .
SILURIAN
PR OT E R O Z OI C
A UST RALIAN  PO ST - A R C HE A N  SHALES
Sm Eu Gd Tb Dy Ho ErCe Pr Nd
Figure 2.3 Chondrite-normalized REE plots of average post-Archean shales, 
from Australia, for various times. Note the similarity of all patterns 
with light rare earth (LREE) enrichment and a negative Eu-anomaly.
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Figure 2.4 REE plots of several typical igneous lithologies. Note the 
wide diversity of patterns and the similarity of the sedimentary data 
(Fig. 2.3) to the granodioritic and granitic patterns.
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1976) between Eu+3 (crystal radius, CR=1.206A in 8-fold coordination) 
and Eu+2 (CR=1.39A). Under highly reducing conditions, Eu+2 forms and 
enters different crystal sites than the other REE, most closely 
resembling Sr+2 (CR=1.40A), thus accumulating mainly in Ca-rich 
plagioclase. Since Ca-rich plagioclase is not stable at pressures 
exceeding about 10 kb (40 km), anomalous Eu-behavior is likely to be a 
crustal or very shallow mantle process. This conclusion is reinforced 
by the fact that no igneous material, originating from the mantle and 
not suffering subsequent crystal fractionation, is characterized by 
anomalous Eu behavior (Bence et al., 1980, 1981). Thus changes in the 
nature or magnitude of the Eu-anomaly in sedimentary rocks may also 
reveal significant differences in crustal composition and origin.
2.4.3 REE-Th-Sc
It is well established that REE and Y behave as a coherent group 
in sedimentary rocks (Appendix 1). Less well established is the fact 
that both Th and Sc also behave coherently with REE in post-Archean 
sedimentary rocks, such that the ratios La/Th and La/Sc remain 
virtually constant. The geochemical rationale for such behavior is 
not immediately obvious. The fact that all of these elements have 
very low solubility in natural waters is probably the most important 
factor (Fig. 1.1). Thus they are transferred almost quantitatively 
into clastic sedimentary rocks. They are less affected by heavy 
mineral segregations than the Zr-Hf-Nb group (see below) which 
accounts for the lack of association with these elements. Differences 
in more classical geochemical parameters, such as crystal radii, 
charge, electronegativity, etc. may account for differences with 
other low solubility elements such as Fe, Al, Ti, Mn, Ga and Pb.
Nance (1975) first recognized the possibility of La-Th coherence 
in sedimentary rocks. This aspect has been investigated and 
documented in the present study and findings were recently published 
(McLennan et al., 1980). A copy of this paper is found in Appendix 6. 
A histogram of La/Th ratios for Australian post-Archean shales is 
shown in Figure 2.5a. The average ratio differs slightly (2.8 vs. 
2.7) from that given in McLennan et al. (1980) and is due to the fact 
that only shale data are presented in Figure 2.5a. The average La/Th 
ratio of sedimentary rocks compares favourably with the upper crustal 
value (La/Th = 2.9). Some caution is required since the upper crustal
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R = 0.7
Figure 2.5 Histograms of (a) La/Th and (b) La/Sc ratios for post-Archean 
Australian shales (Appendix 5). Uncertainties represent 95% confidence 
levels and R values represent the correlation coefficients between 
the elements in the ratio. Note that both ratios bear closer resem­
blance to upper continental crust (UC) composition than to total crust 
composition (TC) (i.e. andesite).
See S-ityre <2- I
Da«. UCAS 
TC.ASK
4 12 20 28
Zr/Nb
Figure 2.6 Histograms of (a) Zr/Hf and (b) Zr/Nb ratios for post-
Archean shales from Australia. Symbols described in previous figures; 
Dev. represents average of 18 Devonian pelites (Ehmann et al., 1979).
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La value is derived from the sedimentary data. However, if the upper 
crustal La value of Shaw et al. (1976) is used, a similar La/Th ratio 
is derived for the upper crust (La/Th = 3.1). Such values differ from 
more mafic compositions such as total crustal compositions (La/Th = 
4.0) which tend to be higher (also see McLennan et al., 1980).
The possibility of REE-Sc coherence was examined by Norman and 
Haskin (1968) but dismissed on account of lack of correlation. A 
likely reason for the negative results is that many different 
sedimentary lithologies (shales, carbonates, sandstones, greywackes) 
were compared and the sample population of any given lithology was 
small. Figure 2.5b shows that La and Sc are coherent in Australian 
post-Archean shales with average La/Sc = 2.3±0.2. j~The correlation 
coefficient for 28 samples is r = 0.7 and is significant at >99.9%
!evxi.i ,~yconfidence> Such a value differs from the upper crust value of 3.0 
However^ such comparison is reasonable when compared to more mafic 
compositions such as the average total crust (La/Sc = 0.6)^which tend 
to be much lower. No correlation is found between Sc and Yb (which 
has a similar crystal radius). This is consistent with the findings of 
Norman and Haskin (1968) adds support to the suggestion that 
solubility rather than size is a major control in generating these 
correlations.
2.4.4 Th-U
The association of Th and U in igneous rocks has been long 
established (e.g. Adams et al., 1959). The usefulness of Th 
abundances in sedimentary rocks in relation to crustal abundances and 
crustal evolution was addressed in the previous section. During 
weathering in an oxidizing environment, U+4 may be readily oxidized to 
U+6 and form a relatively soluble species such as [U02]2-. On the 
other hand, Th+4 does not readily change oxidation state during 
weathering. Thus, during sedimentary processes, fractionation of Th 
from U may be expected. Such fractionation is obvious on Figure 1.1 
where the amounts of Th and U in seawater, relative to their crustal 
abundances, are very different, by about four orders of magnitude.
The usefulness of Th-U systematics in sedimentary rocks in 
examining crustal evolution and the role of sedimentary recycling has 
been addressed in the present study. The results have been published
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(McLennan and Taylor, 1980b) and a copy of this paper is also found in 
Appendix 6.
2.4.5 Zr-Hf-Nb
The strong coherence between Zr and Hf in igneous systems is well 
established (e.g. Taylor, 1965a; Ehmann et al., 1979) and can be 
attributed to their similar crystal radius, lithophile nature and 
identical common valence state (+4) (Ehmann et al., 1979). Niobium is 
generally thought to be more closely related to tantalum, however, Nb 
has a similar crystal radius as Zr, lithophile nature and accordingly, 
commonly substitutes for Zr resulting in near constant Zr/Nb ratios 
(Taylor, 1965a).
The coherence among these elements in fine-grained clastic 
sedimentary rocks is shown in Figure 2.6 where histograms of Zr/Hf and 
Zr/Nb ratios for Australian shales are plotted. There is a clear 
tendancy for Zr/Hf to fall in the range of 40-55 with the average 
Zr/Hf = 46.4+3.7. This value agrees reasonably well with the average 
Zr/Hf = 40.7±2.3 for 18 samples from the Devonian Littleton Formation 
(Ehmann et al., 1979). The range of Zr/Nb is fairly well restricted 
between 8-14 with average Zr/Nb = 10.9+0.9. The average ratios of 
Zr/Hf and Zr/Nb in Australian shales compare favourably with the 
values for the upper crust determined from the sampling programs, with 
upper crustal ratios as follows: Zr/Hf = 41.4; Zr/Nb = 9.6 (Taylor 
and McLennan, 1981b). On the other hand, they are also similar to 
more mafic compositions, such as the total crust composition predicted 
by the andesite model and thus their use in tracing changes in crustal 
composition is limited.
2.4.6 Ferromagnesian Elements (Cr-V-Ni-Co)
The nature of fractionation of the ferromagnesian trace elements 
in igneous processes is fairly well understood (e.g. Taylor, 1965a) 
but is considerably more complicated, in comparison to the behavior of 
many other trace elements, primarily due to crystal field effects 
(Burns and Fyfe, 1967). In general, the ratios Cr/V, V/Ni, Ni/Co are 
useful since they tend to vary in a systematic fashion with changes in 
composition. Cr/Ni ratios are generally fairly constant in many 
igneous rocks and thus of less importance.
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It is clear, from Table 2.1 and Figure 2.7 that the abundances of 
the ferromagnesian elements in post-Archean sedimentary rocks are 
variable as are the ratios Cr/V, V/Ni and Ni/Co. The Australian data 
tend to have approximately equal amounts of Cr and V with the average 
ratios V/Ni, Ni/Co and Cr/Ni all falling in the range of about 
2.0-2.5. The ratios of Cr/V and V/Ni compare reasonably well to upper 
crustal values, particularly in light of the fact that more mafic 
abundances (e.g. total crust compositions) are very different (by a 
factor of about 2 or more) . Although the values of Ni/Co and Cr/Ni 
compare favourably to the upper crust, typical values of more mafic 
compositions may not be considerably different either.
The absolute abundances of Cr and Ni in post-Archean fine-grained 
sedimentary rocks are generally below 150 ppm and 75 ppm, 
respectively. This observation is of interest when the geochemistry 
of Archean sedimentary rocks are examined in later chapters. Although 
variable, Cr and Ni abundances are commonly higher in these older 
rocks.
Scandium is generally considered as a ferromagnesian trace 
element. As pointed out above, this element appears to correlate with 
LREE, probably due to its very low solubility and near quantitative 
removal to clastic sedimentary rocks during sedimentation. The 
ferromagnesian character of Sc is also preserved to some extent with 
the correlation between V and Sc, for exapmle, being significant at 
>99 -9% confidence level (r = 0.7). The average V/Sc ratio of 
post-Archean shales is 5.2+0.3.
2.5 THE AVERAGE SHALE
Based upon the data for post-Archean Australian shales, reported 
in this study, and the data in Table 2.1, an estimate of the average 
shale (AS) was determined (Table 2.4). This estimate differs from 
most previous estimates (e.g. Clarke, 1924; Krauskopf, 1967) in that 
it is reported essentially on a carbonate-free basis. When the major 
elements are compared to other estimates of average shale (Table 2.4) 
the values of CaO and, to a lesser extent, MgO are considerably lower, 
due to the lack of carbonate. Most other differences can be related 
to the differences in the amount of carbonate, volatiles and other 
material not reported (cf. extreme differences in totals).
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Figure 2,7 Histograms of (a) Cr/V, (b) V/Ni, (c) Ni/Co and (d) Cr/Ni 
ratios for post-Archean shales from Australia. Symbols described 
in previous figures; numbers correspond to analyses in Table 2.1.
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Figure 2.8 Comparison diagram for average post-Archean clastic shale 
(this study) and the post-Archean upper continental crust. Note 
that the group Zr-Hf-Nb are uniformly depleted and Cr-V-Ni-Co are 
uniformly enriched in shales.
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TABLE 2.4 Various estimates of average shale and comparison to the 
upper continental crust.*
AVERAGE
SHALE
1
Si02 59.0
Ti02 0.9
a i2o 3 17.8
Fe0T 6.1
MnO 0.10
MgO 2.1
CaO 1.2
Na20 1.1
K20 3.5
P2O5 0.15
Other 6.0
Z 100.0
Al203/Ti02 19.8
K20/Na20 3.2
Mg0/Ca0 1.8
Cs 15
Rb 160
Ba 650
Pb 20
Sr 200
K/Rb 182
Rb/Sr 0.8
Ba/Rb 3.8
La 38
Ce 80
Pr 8.9
Nd 32
Sm 5.6
Eu 1.1
Gd 4.7
Tb 0.77
Dy 4.4
Ho 1.0
Er 2.9
Tm 0.40
Yb 2.8
Lu 0.43
ZREE 183
Y 27
ZREE+Y 210
La/Yb 13.6
Eu/Eu* 0.65
AVERAGE AVERAGE
SHALE SHALE
2 3
53.4 50.9
0.7 0.8
15.5 15.1
6.1 6.1
- 0.11
2.5 2.2
3.1 3.5
1. 3 0.9
3. 3 2.8
0.17 0.18
9.2 -
95.3 82.6
22.1 18.9
2.5 3.1
0.8 0.6
- 5
- 140
- 580
- 20
- 450
- 166
- 0.3
- 4.1
— 40
- 50
- 5
- 23
- 6.5
- 1
- 6.5
- 0.9
- 4.5
- 1
- 2.5
- 0.25
- 3
- 0.7
- 145
- 30
- 175
- 13. 3
- 0.5
UPPER
CONTINENTAL CRUST 
4
66.0
0.6
16.0
4.5 
0.08 
2.3
3.5 
3.8 
3. 3
100.1
26.7 
0.9 
0.7
3.7 
110 
700 
15 
350 
249 
0.3
6.4
30
64
7.1 
26
4.5
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TABLE 2.4 contd.
1 2 3 4
Bi 0.25 . 0.01 _
B 100 - 100 -
Th 14.6 _ 11 10.5
U 3.1 - 3.2 2.5
Zr 210 - 200 2 40
Hf 5.0 - 6 5.8
Sn 2.0 - 6 -
Nb 19 - 20 25
Mo 1.0 - 2 -
W 1.0 - 2 -
K/U 9372 - 7264 10,958
Th/U 4.7 - 3.4 4.2
Zr/Hf 42.0 - 33.3 41.4
Zr/Nb 11.1 - 10.0 9.6
La/Th 2.6 - 3.6 2.9
Cr 110 _ 100 35
V 150 - 130 60
Sc 16 - 10 10
Ni 55 - 95 20
Co 23 - 20 10
Cu 50 - 57 25
Ga 20 - 19 -
Zn 85 - 80 52
Li 75 - 60 -
Cr/V 0.73 - 0.77 0.58
V/Ni 2.7 - 1.4 3.0
Ni/Co 2.4 4.8 2.0
* major elements in weight percent; trace elements in ppm.
1. This study.
2. Clarke, 1924.
3. Krauskopf, 1967.
4. Taylor and McLennan, 1981b.
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There are a number of differences in element abundances in the 
average shale (AS) determined in this study and that of Krauskopf 
(1967; ASK). The abundance of Sr in AS is much lower than in ASK, 
due to the differences in carbonate content. Many of the other 
discrepencies are in elements where analytical data are relatively 
incomplete, dispersion is great and where analytical uncertainty 
exists at very low levels (Cs, Bi, Sn, Mo, W). The value of Ni is AS 
is also much lower than in ASK (factor of 2) and it is considered that 
the newer value is more realistic, particularly considering the Cr/Ni, 
V/Ni and Ni/Co ratios typically seen in sedimentary rocks (see above). 
All of the other trace elements agree reasonably well with the values 
of Krauskopf (1967).
The data for the average shale (AS) are also compared to data for 
the average upper continental crust in Table 2.4 and Figure 2.8. As 
expected, Si02 is depleted in shales, relative to the upper crust, 
mainly due to the sorting of quartz during sedimentation. Na and Ca 
(a well as Sr) are also depleted (minor Mg depletion would also exist 
if the analyses were normalized to equal Si content) due to losses to 
seawater and ultimately carbonates and evaporites. Shales are 
variably enriched in all other major elements by factors ranging from 
1.1 (K) to 1.6 (Ti) .
The comparison of trace element abundances is particularly 
interesting. The REE are assumed to show a constant enrichment over 
upper crustal abundances by a factor of 1.3. Th and Sc are enriched 
by comparable amounts, 1.4 and 1.6 respectively (the author suspects 
the upper crustal Sc estimate may be slightly low; cf. Eade and 
Fahrig, 1973; Table 1.1). The Zr-Hf-Nb group are systematically 
depleted in shales by near constant factors ranging from 0.76-0.88. 
The depletion is probably due to separation of heavy minerals during 
sedimentation. The ferromagnesian trace elements Cr-V-Ni-Co also form 
a fairly distinct group and are all enriched in shales by near 
constant factors ranging from 2.3-3.1. The enrichment of these 
elements in shales, relative to the upper continental crust, is 
greater than for any other group of elements (except Cs, however, note 
discrepency for Cs in AS compared to ASK). The cause of this 
preferential enrichment is unclear but adsorption and enrichment on 
clays is an obvious possibility.
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2.6 POST-ARCHEAN SEDIMENTARY ROCKS AND THE ORIGIN OF TEKTITES
Prior to the return of lunar samples, the origin of tektites was 
of vital interest as many considered these objects to be splashed 
lunar material from meterorite impact on the Moon. Terrestrial origin 
for tektites, namely melted and splashed material formed during 
meteorite or cometary impact of the earth was strongly advanced by 
S.R.Taylor and co-workers (e.g. Taylor, 1960, 1962a,b, 1966, 1973, 
1975; Taylor and Kaye, 1969; Taylor and Sachs, I960, 1964). The 
inferred source cited from the geochemical evidence was impact into 
sedimentary rocks such as subgreywacke. Thus an obvious link exists 
between the composition of sedimentary rocks and tektites. YJith the 
return of the lunar samples, a lunar origin for tektites was 
convincingly discounted (Taylor, 1973, 1975; King, 1977). A major 
problem concerning the precise source area of the large Australasian 
strewnfield remained (Taylor, 1973).
During the course of the present study, several samples of impact 
glasses and tektite-like forms from the Zhamanshin impact structures 
were received by S.R.Taylor. This site has been suggested as the 
possible source for Australasian tektites (Glass, 1978). Samples from 
the Zhamanshin structure as well as comparative samples of 
Australasian tektites and samples from the Henbury impact site 
(including sedimentary rocks) were examined in conjunction with 
S.R.Taylor. The results and conclusions have been published in two 
articles (Taylor and McLennan, 1979b,c), and a reply (Taylor and 
McLennan, 1980) to a critical comment (O'Keefe, 1980). These three 
publications are reproduced in Appendix 6.
There is close similarity between three silica-rich samples from 
Zhamanshin (two irghizites (tektite-like forms) and one zhamanshinite 
(impact glass)) and high Mg-Cr tektites from Java, except that the 
irghizites contain high Ni and Co contamination from the impacting 
body. The silica-rich zhamanshinite is nearly identical in 
composition to Henbury impact glass. The refractory trace elements 
and REE show close similarities among 17 silica-rich samples, although 
the tektites show a smaller spread in composition compared with the 
samples from Zhamanshin. All the silica-rich samples have REE 
patterns consistent with derivation from terrestrial sedimentary rocks 
of post-Archean age. All are thoroughly terrestrial. The silica-poor
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zhamanshinite and irghizite have Al, Na, K, Ni, Cr, Th, U and REE 
abundances consistent with derivation from a basaltic andesite parent 
material.
The close similarity in chemistry and age between the silica-rich 
samples from Zhamanshin and Javan tektites from the Australasian 
strewnfield warrants a close examination of the Zhamanshin impact 
structure as a possible source region for the Australasian tektites.
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CHAPTER 3
GEOCHEMISTRY OF ARCHEAN SEDIMENTARY ROCKS
3.1 INTRODUCTION
During the present study, seven Archean sedimentary sequences 
have been investigated in some detail. These include: 1) Yellowknife
Supergroup, Slave Structural Province, Canada (ca. 2.6 Ae); 2) Gorge
Creek Group, Pilbara Block, Western Australia (3.4-3*0 Ae); 3) Malene 
Supracrustals, West Greenland (>=3.0 Ae); 4) Isua Supracrustals 
Akilia Association, West Greenland (>3*7 Ae); 5) Fig Tree Group, 
South Africa (3.5-3.1 Ae); 6) Moodies Group, South Africa (3-5-3-1 
Ae; overlies the Fig Tree Group), 7) Pongola Supergroup, South Africa 
(ca. 3.0 Ae). Also, new data on ferromagnesian elements and some LIL 
elements for Archean samples from the Kalgoorlie area (Nance and 
Taylor, 1977) are presented as well as several entirely new analyses 
from the Kalgoorlie area and the Whim Creek Group (Pilbara Block). 
Data from the Kalgoorlie area as well as the results from the Kambalda 
area (Bavinton and Taylor, 1980) of the Yilgarn Block are presented in 
Appendix 5.
Detailed results on the South African data are not presented here 
but form a seperate chapter (Chapter 6). The data from the Fig Tree 
and Moodies Group will, however, be included in the general discussion 
of Archean sedimentary rocks in Chapter 4. Samples from the Pongola 
Supergroup are special cases (see Chapter 6) and therefore not 
included in the general discussion.
3.2 SEDIMENTOLOGICAL BACKGROUND
As pointed out by Walker and Pettijohn (1971), detailed
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sedimentological studies in Archean terrains have been avoided due to 
perceived problems of structural complexity and metamorphism. An 
increasingly apparent effort in recent years has, in fact, shown that 
such problems are by no means insuperable. The pioneering work of 
Pettijohn (e.g. 19^3) laid the foundation for many of the more recent 
studies (e.g. Donaldson and Jackson, 1965; Dunbar and McCall, 1971; 
Walker and Pettijohn, 1971; Ojakangas, 1972; Turner and Walker, 
1973; Henderson, 1975; Lowe and Knauth, 1977; Teal and Walker, 
1977; Eriksson, 1980a; Hyde, 1980; Meyn and Palonen, 1980; Lowe,
1980; Wood, 1980). There appears to be considerable evidence that 
the overall style of sedimentation was somewhat different in the 
Archean than at later times (e.g. Lowe, 1980). This is not meant to 
infer that suitable modern analogues cannot be found in Archean 
sedimentary sequences; in fact quite the contrary is the case (e.g. 
Eriksson, 1977, 1980a,b,c; Meyn and Palonen, 1980). Differences lie 
mainly in the size and frequency of the various sediment types.
Perhaps the most striking difference between Archean and modern 
sedimentary styles is the nature of chemical sedimentation. Carbonate 
sedimentation occurred frequently during the Archean, and may have 
been more extensive than the present record indicates (Lowe, 1930). 
Nevertheless, it is clear that it was substantially less common than 
in modern environments (Cameron and Baumann, 1972). Similarly, 
evaporite deposition also may have occurred (Heinrichs and Reimer, 
1977; Barley, 1978; Barley et al., 1979; Dunlop and Buick, 1980) 
but appears to have been extremely rare. The hallmark of Archean 
chemical sedimentation was the deposition of banded iron-formations 
with magnetite-chert mineralogy (Goodwin, 1962,1973; Dunbar and 
McCall, 1971; Beukes, 1973; Walker, 1978; etc.). These deposits 
are most commonly associated with turbidites (Walker, 197&).
Clastic sedimentation appears, in some respects, less complex 
than modern sedimentation. Examples of shallow water, shelf 
sedimentation are present in the Archean of South Africa. The best 
example is the ca. 3*3 Ae Moodies Group which shows many shallow 
water environments including lagoonal barrier island, tidal, deltaic 
and shallow shelf (Eriksson, 1977, 1978, 1979, 1980a). Tidal deposits 
have also been recognized in the ca. 3.0 Ae Pongola Supergroup (von 
Brunn and Hobday, 1976; Hobday and von Brunn, 1976) and shallow 
water, possibly shelf deposits, have been documented in the ca. 3.6
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Ae Warrawoona Group (Barley et al., 1979; Dunlop and Buick, 1980). 
Walker (1978) suggested such conditions existed in these areas due to 
increased cratonic stability from the presence of a fairly extensive 
and rigid gneissic infrastructure for depositional basins.
The dominant sedimentary regime in many Archean basins was 
characterized by a lack of shallow marine deposits, and by inference, 
a lack of continental shelves of any extent. Rapid facies changes 
from terrestrial deposits, such as braided stream or alluvial fan 
deposits, to deeper water turbidites are most common (Walker and 
Pettijohn, 1971; Turner and Walker, 1973; Henderson, 1975; Teal and 
Walker, 1977; Walker, 1978; Eriksson, 1980a,b,c; Hyde, 1980; Wood, 
1980). These environments correspond to the Continental Association 
(or perhaps more aptly named Non-marine Association; Hyde, 1980) and 
Resedimented Association, respectively, of Turner and Walker (1973).
Several, fairly detailed, petrographical studies of Archean 
sedimentary rocks * have been completed during the last several years* 
[which contribute considerable evidence on the nature of the Archean 
upper crust| Unfortunately, much of this work has been ignored by 
many scientists concerned with crustal evolution. After the early 
studies of Pettijohn (1943), the work of Donaldson and Jackson (1965) 
must be considered a landmark in this regard. They noted very high 
quartz content in sandstones from the North Spirit Lake area, Canada 
and suggested it was inconsistent with derivation directly from 
volcanic rocks. They also observed numerous granitic clasts in 
conglomerates and argued that it was probable that extensive areas of 
granitic material were exposed in source regions. The nature of the 
granitic terrain was Na-rich and probably of tonalitic-trondhjemitic 
composition.
Sequences have been identified which appear to be derived solely 
from a volcanic source (Ojakangas, 1972; Henderson, 1975). An 
extreme example is the ultraraafic turbidite from the Lac Guyer 
greenstone belt of central Quebec (Stametelapoulou-Seymour and 
Francis, 1980). Most studies, however, point to relatively complex 
provenance involving the dominant Archean igneous lithologies, 
including mafic to felsic volcanics (including porphyries, tuffs, 
etc.), recycled sedimentary debris and sodic granites and gneisses 
(Pettijohn, 1943; Donaldson and Jackson, 1965; Glikson, 1971;
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Walker and Pettijohn, 1971; Turner and Walker, 1973; Henderson, 
1975; Marston, 1978; Naqvi et al., 197&; Eriksson, 1980a; Wood, 
1980). The presence of K-rich granitic fragments or of abundant 
K-feldspar indicative of such material is rare although it does occur 
in some greenstone sequences, particularly near the top of the 
sedimentary succession (Eriksson, 1930a).
3.3 GEOCHEMICAL BACKGROUND
Reasonably complete major and trace element data (including REE) 
on suites of Archean sedimentary rocks are remarkably scarce. Two 
greywacke suites from Wind River, Wyoming and the Fig Tree Group, 
South Africa, have been examined by Condie and co-workers (Condie, 
1967; Rogers et al., 1969; Condie et al., 1970; Wildeman and 
Condie, 1973). Also two sequences of Archean fine-grained sedimentary 
rocks from the Yilgarn Block, Western Australia have been examined by 
Nance and Taylor (1977) and Bavinton and Taylor (1980). These last 
two studies are of particular relevence to the present work since 
fine-grained sedimentary rocks are being emphasized. Some other 
important geochemical studies include those of Danchin (1967), Naqvi 
and Hussain (1972), Marston (1978), Naqvi (1978), Naqvi et al. 
(1978), Beech and Chadwick (19Ö0), Cameron and Garrels (1980).
3.3.1 Major Elements
Most workers who have examined Archean sedimentary rocks have 
noted that they tend to be enriched in Al, Na, Mg, Fe and depleted in 
Si and K when compared to their modern counterparts. They are also 
characterized by low K/Na ratios (see recent reviews by Veizer, 1973, 
1979; Engel et al., 1974; Schwab, 1978; McLennan, 19&1). Such 
characteristics, in general, also apply to Archean shales (e.g. 
Garrels and Mackenzie, 1971; Ronov and Migdisov, 1971; Cameron and 
Garrels, 1980). There has long been considerable controversy over the 
primary cause of these differences (e.g. Veizer, 1973), but major 
changes in the chemical composition of the exposed crust are most 
probably responsible (Veizer, 1973, 1979; Schwab, 1978; Veizer and 
Jansen, 1979; McLennan, 1981).
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3.3.2 Rare Earth Elements (REE)
It has emerged, in the clearest fashion, that REE distributions 
of Archean clastic sedimentary rocks are fundamentally different from 
post-Archean clastic sedimentary rocks (e.g. Wildeman and Condie, 
1973; Wildeman and Haskin, 1973; Nance and Taylor, 1977; Bavinton 
and Taylor, 1980; this study). The earlier studies (Wildeman and 
Condie, 1973; Wildeman and Haskin, 1973) emphasized the relative 
enrichment in Eu and lower total REE compared to Phanerozoic 
sedimentary rocks. Studies of shales (Nance and Taylor, 1977; 
Bavinton and Taylor, 1980) confirmed these characteristics and also 
noted that Archean sedimentary rocks commonly (though not invariably) 
were more depleted in LREE (ie.- lower (La/Yb)N) than post-Archean 
sedimentary rocks.
Figure 3*1 plots the REE fields of Archean greywackes from 
Wyoming and South Africa (Wildeman and Condie, 1973) and Archean 
shales from Western Australia (Nance and Taylor, 1977; Bavinton and 
Taylor, 1980) normalized to PAAS. The Gd and Er values of the 
greywacke data have been ignored as these elements have, respectively, 
3 and 6 times less analytical precision in the neutron activation 
technique, compared to the other REE (see Wildeman and Condie, 1973). 
The most striking difference between the two Archean groups and PAAS 
is the Eu-enrichment in the Archean sedimentary rocks. The Archean 
sedimentary rocks also tend to have lower total REE although 
individual samples with total REE as high as PAAS do occur. Finally, 
much of the shale data show considerable LREE depletion relative to 
PAAS.
When the Archean greywackes and shales are compared (Fig. 3.1), 
it is clear that the greywackes tend to have higher total REE and 
(La/Yb)N than the shales. It would be unwise to make any 
generalizations on the basis of this observation since the differing 
patterns may reflect differences in source rock compositions. 
Wildeman and Condie (1973) noted that in Archean greywackes, there was 
an increase in total REE, (La/Yb)N and Eu/Eu* with increasing amounts 
of granite-gneiss detritus. A similar conclusion (except for Eu/Eu*) 
was reached by Nance and Taylor (1977) working with Archean shales 
from Kalgoorlie. They noted the similarity between HREE-depleted 
(ie.- high (La.Yb)N) sedimentary samples and Na-rich granitic rocks in
AO.
Archean greywackes
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Figure 3.1 PAAS-normalized REE diagram showing the fields of Archean 
greywackes from Wyoming and South Africa (Wildeman and Condie, 1973) 
and Archean shales from the Yilgarn Block, Western Australia (Nance 
and Taylor, 1977; Bavinton and Taylor, 1980 - see Appendix 3).
Note the Eu-enrichment and LREE depletion relative to PAAS.
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Figure 3.2 Plot of Th versus U for Archean sandstones, greywackes and 
shales (Rogers et al., 1969; Nance and Taylor, 1977; Bavinton and 
Taylor, 1980).
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the area. Rarely, samples also show positive Eu-anomalies relative to 
chondrites (ie.- Eu/Eu*>1) (e.g. Nance and Taylor, 1977; Bavinton 
and Taylor, 1980). These features are probably due to local 
plagioclase accumulation and/or chemical sedimentation of siliceous 
material.
Of the common igneous rock types, REE patterns in post-Archean 
sedimentary rocks were most similar to granodiorites which was 
consistent with a granodioritic composition for the exposed crust. 
Archean sedimentary REE patterns most closely resemble typical 
calc-alkaline andesites, of the common igneous rocks. This led Jakes 
and Taylor (1974) to suggest that Archean sedimentary rocks were 
derived from ancient island-arcs which dominated the Archean upper 
crust. Although typical calc-alkaline andesitic REE patterns do exist 
in Archean volcanics rocks, their occurrence appears to be rare 
(Taylor and Hallberg, 1977). Taylor (1977, 1979) has pointed out that 
the data are also consistent with a mixture of the common igneous 
rocks of the Archean - the bimodal mafic volcanic 
tonalite-trondhjemite (including some felsic volcanics) suite (e.g. 
Barker and Peterman, 1974; Barker and Arth, 1976; O'Nions and
Pankhurst, 1978). The importance of this second model will be fully 
investigated in later sections.
3.3.3 Cr-Ni
Danchin (1967) first recognized the high abundances of Cr and Ni 
in the Archean Fig Tree shales of South Africa. Average values of 860 
ppm Cr (range 525-1145) and 495 ppm Ni (range 280-800) were noted. 
These values are at least 6-10 times typical post-Archean values (see 
Chapter 2). Danchin (1967) attributed these characteristics to 
derivation of the sedimentary rocks from ultramafic volcanics, 
presumably from the underlying Onverwacht Group. Condie et al. 
(1970) also noted high Ni in Fig Tree greywackes and similarly 
attributed it to an ultramafic component. It is unlikely that an 
added ultramafic component, alone, can explain these high values. 
Firstly, it was noted that Cr and Ni were enriched by a factor of 
about 3 in post-Archean shales, compared to the contemporaneous upper 
crust. Thus if similar processes of Cr and Ni enrichment occurred in 
Archean shales, the high values in the Fig Tree, while indicating a 
source enriched in these elements, does not directly reflect their
42.
abundances. Secondly, if we assume the added ultramafic has about 30% 
MgO, 3000 ppm Cr, 1500 ppm Ni and all Cr and Ni in excess of 100 ppm 
and 50 ppm respectively is due to ultramafics then MgO contents of Fig 
Tree shales should exceed about 9%. Values do not appear to exceed 7% 
MgO (Condie et al., 1970; this study - see Chapter 6).
Fine-grained sedimentary rocks of the Archean Kambalda and 
Kalgoorlie areas of the Yilgarn Block of Western Australia do not 
appear to be unusually enriched in Cr and Ni (Bavinton and Taylor, 
1977; Taylor, 1977; this study - see Chapter 4). Several very high 
Ni values in the Kambalda sedimentary rocks are due to proximity of 
Ni-sulphide ore deposits. On the other hand, fine-grained sedimentary 
rocks from the Archean of India do commonly show high Cr and Ni (Naqvi 
and Hussain, 1972; Naqvi, 1978). Thus it is not clear if Archean 
sedimentary rocks are intrinsically enriched in Cr and Ni or if the 
Fig Tree and Indian data are atypical. This is an important point 
since high Cr and Ni in the average Archean upper crust may be 
evidence in favour of a bimodal model (as opposed to an andesite 
model; Taylor, 1977; also see Jahn and Sun, 1979 for an opposing 
view).
3.3.4 Th-U
Data on Th and U abundances in Archean sedimentary rocks are 
extremely rare. Typical values of Th, U and Th/U for Paleozoic shales 
are approximately 15 ppm, 3 ppm and 5, respectively (McLennan and 
Taylor, 1980b). Rogers et al. (1969) examined Th and U abundances in 
Archean sedimentary rocks from Wyoming and Minnesota. Wyoming 
greywackes had absolute Th and U abundances typical of similar 
lithologies of post-Archean age but Rogers et al. (1969) considered 
the average Th/U ratios (5.7) to be unusually high (Fig. 3*2). The 
Th and U abundances in Archean fine-grained sedimentary rocks from 
Western Australia (Nance and Taylor, 1977; Bavinton and Taylor, 1980) 
have significantly lower Th, U and Th/U when compared to the Wyoming 
greywackes (Fig. 3.2) and post-Archean sedimentary rocks (McLennan 
and Taylor, 1980b). It would appear likely that the different Th, U 
and Th/U values for the two Archean suites (Fig. 3*2) reflects 
differences in source rock composition rather than sedimentary 
processes (ie.- different grain size). In an examination of various 
lithologies from the Archean Knife Lake sequence in Minnesota (Rogers
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et al., 1969), it was found that the argillaceous material had higher 
Th and U abundances than the sandstones and greywackes (Fig. 3.2). 
Little difference in Th/U ratios existed among the various 
lithologies.
3.4 GEOCHEMISTRY OF THE ARCHEAN YELLOWKNIFE SUPERGROUP
The Yellowknife Supergroup comprises a thick sequence of Archean 
supracrustal rocks in the Archean Slave Structural Province, Canada. 
The type area is in the vicinity of Yellowknife where a stratigraphic 
framework has been established (Fig. 3-3). The supracrustal rocks of 
the Slave Structural Province differ from most Archean greenstone 
belts in having a predominance of sedimentary rocks. The age of the 
Yellowknife Supergroup is approximately 2.65 Ae (Green et al., 1968; 
Green and Baadsgaard, 1971). The geology of the Yellowknife 
Supergroup, particularly in the vicinity of Yellowknife, has been 
described previously (Baragar, 1966; Henderson, 1975, 1981). In an 
attempt to examine the origin of the sedimentary rocks and define the 
nature and growth of the Archean crust in the Yellowknife area, the 
geochemistry of a suite of sedimentary rocks and possible source rocks 
was examined in conjunction with B.J.Fryer (Memorial University of 
Newfoundland), G.A.Jenner (University of Tasmania) and J.B.Henderson 
(Geological Survey of Canada). The findings of this study have been 
reported at the Second International Archaean Symposium (Fryer et al., 
1980) and will be published in Geochimica et Cosmochimica Acta (Jenner 
et al., 1981). A copy of this publication (Jenner et al., 1981) is 
reproduced in Appendix 7.
The results for the Burwash-Walsh Formations, the most extensive 
sedimentary unit, are particularly noteworthy (Fig. 3.3). These 
units primarily consist of turbidites. Samples analysed represented, 
for the most part, mixtures of greywackes and shales. The most 
important feature of the REE patterns (Fig. 3.4) is the lack of 
negative Eu-anomalies. The Yellowknife data tend to have slightly 
higher total REE and considerably higher (La/Yb)N than Archean shales 
from Western Australia (Nance and Taylor, 1977; Bavinton and Taylor, 
1980), probably due to a high proportion of felsic volcanics in the 
source regions. In terms of overall geochemistry, these rocks are 
very similar to Archean greywackes from Wyoming and the Fig Tree Group 
(Condie, 1967; Rogers et al, 1969; Condie et al, 1970; Wildeman and
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Figure 3.3 Generalized Archean stratigraphy of the Yellowknife Supergroup, 
in the vicinity of Yellowknife. Note the difference in stratigraphy 
on the opposite shores of Yellowknife Bay.
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Figure 3.4 Chondrite-normalized REE plots of sedimentary rocks from 
the Burwash and Walsh Formations. Note the similarity of all 
samples and the lack of negative Eu-anomalies.
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Haskin, 1973) except they have lower Ni.
In the Yellowknife area, the composition of possible igneous 
source rocks has been reasonably well established. Furthermore, the 
sampling procedure was designed to provide a representative section of 
the clastic sequence. Thus it was possible to geochemically model the 
provenance of the sedimentary rocks within reasonably tight 
constraints (Fig. 3.5). The agreement between the model composition 
and actual composition of the sedimentary rocks is excellent except 
for Ca, Mn, Cr and Ni. Reasons for discrepancies in these elements is 
discussed in the paper (Appendix 7). The implications of the 
Yellowknife data on models of crustal evolution and the tectonic 
setting of the Yellowknife Supergroup are fully discussed in the 
appended paper and will not be commented on further.
3.5 GEOCHEMISTRY OF ARCHEAN SHALES FROM THE PILBARA SUPERGROUP 
3.5.1 Introduction and General Geology
The Archean-aged Pilbara Block is exposed over approximately 
60,000 sqkm in Western Australia (Fig 3.6). Low grade volcanic and 
sedimentry supracrustals form arcuate greenstone belts around domal 
granitic batholiths. Detailed mapping throughout the Pilbara (Fitton 
et al, 1975; Hickman and Lipple. 1975; Lipple, 1975; Hickman, 
1977a,b; Hickman et al., 1980) has established a simple stratigraphic 
framework for the supracrustal succession which can be correlated, 
with minor irregularity, over the entire Pilbara Block. This 
situation is unusual, since firm correlations can rarely be made 
between individual greenstone belts in most structural blocks (e.g. 
Walker, 1978).
Table 3*1 lists the generalized stratigraphy of the supracrustal 
sequence - the Pilbara Supergroup (Hickman, 1981) - from the area 
around Marble Bar. The following is summarized from Hickman et al. 
(1980) and Eriksson (1980b). The base of the sequence is dominated by 
mafic-felsic volcanics (Warrawoona Group); ultramafics are present 
but relatively rare. This passes up (separated in places by angular 
unconformities) into a sequence dominated by clastic sedimentary rocks 
(Gorge Creek Group, Whim Creek Group) with some banded iron-formations 
(Cleaverville Formation) and minor volcanics. Considerable
MODEL
Figure 3.5 Comparison diagram of average Burwash-Walsh Formations 
sedimentary rocks and a model composition of mixtures of Archean 
igneous rocks exposed at Yellowknife. The heavy diagonal line 
represents equal compositions and the light diagonal lines repre­
sent 20% deviations from equality.
I I I / o m cMi1,1,1,1 e^-os-ofi^1^7™]
Figure 3.6 Generalized geological map of the Pilbara Block, Western 
Australia, showing sample locations for the Gorge Creek and Whim 
Creek Groups.
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uncertainty appears to remain regarding precise correlation of 
individual sedimentary units within the Gorge Creek Group (cf. 
Lipple, 1975; Hickman, 1977b; Hickman et al, 19Ö0; Eriksson, 
1980b). The Whim Creek Group unconformably overlies the Gorge Creek 
Group and comprises a sequence of basalt, felsic volcanics and 
fine-grained sedimentary rocks.
The base of the Warrawoona Group is marked by tectonic or 
intrusive contacts with the granitic batholiths. The presence of 
granitic basement is a contentious issue, as is the case with most 
Archean successions. The age of the Warrawoona Group is firmly 
established on the basis of Sm-Nd dating on the Taiga Taiga Subgroup 
(3.56 Ae; Hamilton et al., 1980) and U-Pb dating on zircons from the 
Duffer Formation (3.45 Ae; Pidgeon, 1978). The age of the Gorge 
Creek Group is not as well established but is older than 2.9 Ae 
(Oversby, 1976; Hickman et al., 1980). Volcanic rocks of the Mons 
Cupri Volcanics, from the Whim Creek Group are younger than about 2.7 
Ae (reported in Hickman et al., 1980) and older than the Early 
Proterozoic Mount Bruce Supergroup which is about 2.5 Ae (W.Compston, 
pers. comm.).
Eriksson (1980b) has examined the sedimentology of the Gorge 
Creek Group in the eastern part of the Pilbara Block. He has 
recognized a platform (alluvial) to trough (turbidite) facies 
relationship with no evidence of shallow marine shelf facies. Such a 
relationship is very common in Archean sequences (see Section 3*2).
3.5.2 Samples and Results
Ten samples of fine-grained clastic sedimentary rocks were 
selected for analysis from the Gorge Creek Group and a further two 
samples from the younger Whim Creek Group. Sample locations are given 
on Figure 3.6 and sample descriptions are given in Appendix 3. 
Analytical results are listed in Table 3.2. Gorge Creek Group samples 
are characterized by muscovite-quartz mineralogy and Whim Creek Group 
samples are characterized by quartz-chlorite mineralogy.
Gorge Creek Group samples were all taken from the turbidite 
facies, according to Eriksson (1980b; see above). These samples can 
be further subdivided on the basis of location. Samples Pg1-Pg7 were
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taken from the Pilgangoora vicinity while MC, 80-05, 80-06 were taken 
from near Nullagine (Fig. 3.6). Samples 80-05 and 80-06 are 
considerably more weathered than the others and were taken very close 
to the top of the sequence near the unconformity with the overlying 
Early Proterozoic Mount Bruce Supergroup.
3.5.3 Discussion
3.5.3a Major elements
The major element composition of shales from the Gorge Creek 
Group are not typical of most Archean sedimentary rocks which have 
been analysed thus far (see Section 3.3.1 and Chapter 4). They are 
characterized by high K, low Na and vanishingly low Ca. The high K 
content is almost certainly due to the original presence of large 
quantities of illite (now muscovite). This mineral typically forms 
under alkaline conditions (pH - 7-8) and, while it is not certain if 
it forms under marine conditions (K is probably fixed during 
diagenesis), illite is one of the more stable minerals in the marine 
environment (Degens, 1965). The cause of the very low Ca is 
particularly enigmatic since this element generally occurs in 
appreciable quantities in illite. Condie (1967) noted low 
concentrations of Ca in Archean greywackes from Wyoming and suggested 
an exchange with sea-water derived Na in plagioclase. Such a process 
is unlikely for these samples since Na is also very low and abundant 
Na-plagioclase is not present. Alternative explanations are losses of 
Ca during weathering of source rocks and diagenesis (Jenner et al., 
1981) although it is difficult to account for near quantatative loss 
during such processes unless they were particularly intense (e.g. 
Kronberg et al., 1979).
There appear to be at least two major controls on the absolute 
abundances of many of the elements. There is a clear positive 
correlation between K content and the abundances of AI, Cs, Ba, B, 
total REE, Th, U (Fig. 3.7) and possibly Pb, suggesting the absolute 
abundances of these elements are primarily controlled by the amount of 
the dominant original clay mineral (illite; now muscovite). The 
absolute abundances of transition elements (excluding only Sc and 
possibly Ti) are controlled by the concentration of Mg (Fig. 3.8). 
This is particularly notable for samples from the Pilgangoora
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Figure 3.7 Plot of various element abundances versus K 2 O for shales 
from the Gorge Creek Group. Note the general increase of these 
elements with increasing K 2 O content.
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Figure 3.8 Plot of several ferromagnesian elements versus MgO content 
for shales from the Gorge Creek Group. Note the positive correlations. 
Closed circles - Pilgangoora area; open circles - Nullagine area 
(see Fig. 3.6).
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vicinity. Such a relation is probably due to the importance of mafic 
or ultramafic rocks in the source area.
The major element content of samples from the Whim Creek Group 
are fairly typical of Archean shales with sample WC-3 notable for the 
high FeO content (20.91%).
3.5.3b REE
Chondrite-normalized REE diagrams of samples from the Gorge Creek 
and Whim Creek Groups are shown in Figures 3.9-3.11. The REE field 
for these samples are compared to the field of Archean shales from the 
Yilgarn Block (Nance and Taylor, 1977; Bavinton and Taylor, 1980; 
this study - see Appendix A5) on a PAAS-normalized diagram in Figure 
3.12. All samples are characterized by high (La/Yb)N (>=7.5) and all 
but one (80-05; highest Si02 and quartz content) by high total REE 
(>115 ppm). All samples have no Eu-anomalies or very slight negative 
Eu-anomalies (0.82<=Eu/Eu*<=0.99) . There are no differences between 
the Gorge Creek and Whim Creek Groups, however, Gorge Creek samples 
from the Nullagine area have lower Eu/Eu* than those from the 
Pilgangoora area (average Eu/Eu*=0.83 and 0.92 respectively). 
Compared to post-Archean sedimentary rocks (Fig. 3.12), these samples 
are enriched in Eu and possibly have slight LREE depletion.
When the Pilbara samples are compared to the younger Yilgarn 
samples (ca. 2.7 Ae) several interesting features emerge (Fig. 
3.12). The Pilbara samples tend to have higher total REE, less LREE 
depletion (in general) and lower Eu/Eu*. The average REE pattern of 
Pilbara source regions was clearly different than that of the Yilgarn 
Block. The Pilbara samples, in fact, compare favourably to greywackes 
from the Fig Tree Group and from Wyoming (cf. Fig. 3.1).
3.5.3c La-Th-Sc
The average value of La/Th for the Pilbara samples is 3.2+0.4 
(n=12). There is no difference between the Gorge Creek and Whim Creek 
Groups. Eight out of twelve samples are >=2.8 and the Pilbara samples 
appear to have higher La/Th ratios than post-Archean shales 
(La/Th=2.8+.0.2; Chapter 2). The Pilbara samples have a similar La/Th 
ratio as Archean shales from the Yilgarn Block (average La/Th=3.1±0.4;
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Figure 3.9 REE plots of Gorge Creek Group shales from the Pilgangoora 
area (see Fig. 3.6).
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Figure 3.10 REE plots of Gorge Creek Group shales from the Nullagine 
area (see Fig. 3.6). These samples tend to have slightly lower Eu/Eu* 
than those from Pilganoora.
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Figure 3.11 REE plots of shales from the Whim Creek Group.
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb
Figure 3.12 PAAS-normalized REE diagram showing the fields for shales 
from the Pilbara Block (Gorge Creek and Whim Creek Groups) and the 
Yilgarn Block (Nance and Taylor, 1977; Bavinton and Taylor, 1980). 
All samples are enriched in Eu relative to PAAS. The Pilbara samples 
have higher total REE and (La/Sm)^ than the Yilgarn samples.
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Nance and Taylor, 1977; Bavinton and Taylor, 1980; this study). The 
average value is slightly higher than the upper crust La/Th (2.9) and 
lower than the total crust La/Th ratio predicted by the andesite model 
(4.0) (also see McLennan et al., 1980).
The average La/Sc ratio for the Pilbara samples is 1.9±0.4 
(n=12). There is no apparent difference between the Gorge Creek and 
Whim Creek Groups. All but one sample falls below La/Sc=2.2 and these 
samples have a lower La/Sc ratio than post-Archean shales 
(La/Sc=2.3±0.2; Chapter 2). The Pilbara samples tend to have higher 
La/Sc ratios than Archean shales from the Yilgarn Block 
(La/Sc= 1 .2.+0.4; Nance and Taylor, 1977; this study) although the 
Yilgarn data base (n=9) is much smaller than for La/Th ratios (n=22). 
The average Pilbara La/Sc ratio is intermediate between the upper 
crust and total crust (predicted by the andesite model) with La/Sc=3.0 
and 0.6, respectively.
3.5.3d Th-U
The abundances of Th and U in Pilbara samples are quite variable 
with Th=11.8±3.2 ppm, U=2.9±1.1 ppm and Th/U=4.3±0.5. There are no 
apparent differences between the Gorge Creek and Whim Creek Groups and 
these values are only moderately lower than typical post-Archean 
shales (Th=l4.6+.1 .2 ppm, U=3.1±0.4 ppm and Th/U=4.5-5.5; McLennan and 
Taylor, 1980b). These values are also considerably higher than 
Archean shales from the Yilgarn Block (Th=4.5±1.0 ppm, U=1.3±0.3 ppm, 
Th/U=3•4+0.3; McLennan and Taylor, 1980b).
3.5.3e Zr-Hf-Nb
Unlike post-Archean shales (Chapter 2) and Archean shales from 
the Kambalda area (Bavinton and Taylor, 1980), there is little 
coherence between Zr-Hf and Zr-Nb in the Pilbara samples. Zr/Hf 
ratios range between 18-85 and Zr/Nb ratios range between 6-28. The 
averages (Zr/Hf=40.3+11.6; Zr/Nb=13.2+3.5), however, are not very 
different. The lack of coherence among these elements, and 
particularly between Zr-Hf is peculiar and whether it is a reflection 
of insufficient sampling or some geological process is unknown.
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3.5.3f Ferromagnesian elements (Cr-V-Ni-Co)
The abundances of Cr and Ni in shales from the Gorge Creek Group 
(Cr=60M+80 ppm, Ni=352±101 ppm) are typically 2-3 times higher than 
Whim Creek Group samples (Table 3-2). The abundances of V and Co are 
indistinguishable leaving the Gorge Creek samples with unusually high 
Cr/V, Ni/Co and low V/Ni ratios. Similarity, the abundances of Cr and 
Ni are much higher than post-Archean shales (Chapter 2) and Archean 
shales from the Yilgarn Block (Nance and Taylor, 1977; Bavinton and 
Taylor, 1980; this study) while the abundances of V and Co are more 
or less indistinguishable (they may be slightly higher in the Gorge 
Creek Group). The anomalously high Cr and Ni are similar to those 
seen in the Archean of South Africa (Danchin, 1967; Condie et al., 
1970; Chapter 7), India (Naqvi and Hussain, 1972; Naqvi, 1978), and 
to a much lesser extent, the Slave Province (Jenner et al., 1981; 
Appendix 7).
3.5.3g Boron
The study of boron in sedimentary rocks as a paleosalinity 
indicator has had a long history (see review of Harder, 1974). Common 
igneous rocks rarely have B contents in excess of 20-30 ppm with an 
average of less then 15 ppm (Harder, 1974). Sedimentary rocks are 
generally enriched in B and fine-grained sediments have commonly in 
excess of 150 ppm B (Harder, 1974). There is a considerable 
uncertainty in the mass balance of B for the upper crust, seawater and 
sedimentary rocks. The ultimate source of excess B is generally 
thought to be from volcanic emanations (Harder, 1974). The use of B 
and other trace elements in paleosalinity studies has been reviewed by 
Potter et al. (1963), Shaw and Bugry (1966), Walker (1968) and Harder 
(1974). High B content in argillaceous sedimentary rocks, in excess 
of about 30-100 ppm, depending on K content and mineralogy, appears to 
be a sign of marine deposition. This is by no means an infallable 
test (e.g. Shaw and Bugry, 1966).
The B content of samples from the Gorge Creek Group ranges from 
24-183 ppm, averaging 85+29 ppm. Whim Creek Group samples are 
considerably lower (10 and 45 ppm). These abundances probably 
represent minimum amounts originally present since the processes of 
diagenesis and metamorphism tend to decrease B content. If it is
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Figure 3.13 Plots of V and Ga versus B for shales from the Pilbara
Block. Most samples from the Gorge Creek Group (closed circles) plot 
near or in the marine field. Open circles are samples from the Whim 
Creek Group.
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assumed that all of the B was associated with illite in the Gorge 
Creek samples and that the illite had about Q% K20, then the illite 
for all samples would have been in excess of 100 ppm B (Reynolds, 
1965). On standard discrimination diagrams (Fig. 3-13), all Gorge 
Creek samples (except 80-05) plot close to or well into the marine 
field. These facts, taken together mav be suggestive of normal marine 
deposition. It is significant that the processes responsible for the 
enrichment of B in post-Archean marine shales appear also to have been 
operating at ca. 3.4-3.0 Ae.
3.5.3h General
In the next chapter and in Chapter 7, the overall implications of 
the Archean sedimentary trace element data for the composition of the 
Archean crust will be put into perspective. However, a number of 
interesting features have emerged from the study of the Pilbara 
samples. The Pilbara samples clearly have higher total REE, (La/Yb)N, 
Cr, Ni, Th, U, Th/U than Archean shales from the Yilgarn Block to the 
south. The lack of negative Eu-anomalies, high Cr, Ni, La/Th and low 
La/Sc distinguish these samples from post-Archean fine-grained 
sedimentary rocks. These features are particularly important since 
the major element content of these samples are indistinguishable from 
typical post-Archean shales.
3.6 GEOCHEMISTRY OF EARLY ARCHEAN METASEDIMENTARY ROCKS, WEST 
GREENLAND
3.6.1 Introduction and General Geology
The Early Archean high grade terrains of the North Atlantic 
craton (West Greenland - Labrador) have emerged as critical regions 
for studying early crustal development (e.g. McGregor, 1973;
Bridgwater and Fyfe, 1974; Bridgwater et al., 1974, 1976, 1978;
Moorbath et al., 1975; Collerson et al., 1976; McGregor and Mason, 
1977; 0 ’Nions and Pankhurst, 1978; Glikson, 1979). The Isua 
supracrustal belt, exposed at Isua, and the probable correlative 
Akilia Association, best described in the Godthäb district (McGregor 
and Mason, 1977), form enclaves within an extensive high grade gneiss 
complex of tonalite-trondhjemite-granodiorite character. These 
represent the oldest supracrustal rocks (including metasedimentary
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rocks) known to be exposed, being older than about 3-7 Ae (e.g. 
Moorbath et al., 1972; Hamilton et al., 1978).
The geology of these areas has been extensively described (e.g.
McGregor, 1973; Bridgwater et al., 1976, 1978; Collerson et al.,
1976). Table 3-3 lists the sequence of geological events in West
Greenland, in a simplified form. The early Isua and Akilia
supracrustals consist of ultramafic-mafic volcanics and
metasedimentary rocks comprising banded iron-formations, quartzites
(originally cherts?), conglomerates (with acid volcanic cobbles),
minor carbonates and pelitic rocks. The original presence of acid
volcanics is evidenced by the thick conglomeratic units with clasts
derived from rhyolitic to dacitic lavas. The geochemistry of the
mafic volcanic rocks has been examined by McGregor and Mason (1977)
and Sun and Nesbitt (1978). The geochemistry of the enclosing
gneissic rocks has been described by O'Nions and Pankhurst (1974,
1978); Mason (1975); McGregor (1979). Unfortunately, the acid
volcanics have not been examined in any detail, but the few analyses
available suggest they are K-rich, HREE-depleted (high (La/Yb)N) with *
no or slight negative Eu-anomalies (Moorbath et al, 1975; Bridgwater 
et al., 1978).
In this section, the geochemistry of schistose and gneissic 
rocks, of probable sedimentary origin, from the Isua and Godthab 
districts are examined. In the following section, the geochemistry of 
the younger(?) Malene Supracrustals are examined. These rocks have 
been metamorphosed to amphibolite grade (e.g. McGregor, 1973) and 
many have been in close proximity to granulite grade metamorphic rocks 
(V.McGregor, pers. comm.).
3.6.2 Samples and Results
Five samples of Isua and three samples of Akilia metasedimentary 
rocks were examined. These data are supplemented by three analyses 
available from the literature (158534; Moorbath et al., 1975; 
119215, 131429; McGregor and Mason, 1977). Three samples of Isua
rocks (248484A, 248484G, 248484L) were taken from the same 400 sqm 
outcrop with no obvious field variation in lithology (S.Moorbath, 
pers. comm.). The major element geochemistry of these samples is 
sufficiently different (cf. Si, Fe, Ca, Na, K contents) to consider
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these samples as different lithologies).
The locations and petrographical descriptions of these samples 
are listed in Appendix 3. The major difference between the Isua and 
Akilia samples is that the Isua samples commonly contain carbonate 
minerals. This may, in part, be a result of the lower metamorphic 
grade at Isua (note that McGregor and Mason (1977) report scapolite in 
sample 119215). The analytical results on these samples are listed in 
Table 3.4.
3.6.3 Discussion
3.6.3a Major elements
The main differences between the major element content of the 
Isua and Akilia samples are generally higher CaO and LOI contents and 
generally higher K/Na ratios of the Isua samples. The differences in 
CaO and LOI are related to differences in carbonate content. The 
abundances of K, Na and K/Na ratios vary considerably. These values 
can be affected by sedimentary processes (ie.- illite stability) as 
well as provenance and, thus are difficult to interpret on their own. 
There is also considerable variability in the abundances of Ti, A1, Fe 
and Mg. All samples but one have Si02 content between 50-61% and the 
major element geochemistry is consistent with these samples originally 
being pelites. Sample 131429 has higher Si02 (70.53%; 50% quartz) 
and its original character is not as clear. The original authors 
(McGregor and Mason, 1977) considered that this sample (and 119215 as 
well) is possibly a metamorphosed greywacke.
3.6.3b REE
There are no obvious differences in the REE characteristics of 
the Isua and Akilia samples. These samples can be subdivided into 
three groups on the basis of (La/Yb)N ratios: (La/Yb)N<1; 
2<(La/Yb)N<8; (La/Yb)N>8.
Samples showing LREE depletion (Fig. 3.14) have overall REE 
characteristics most similar to mafic volcanics from Isua and the 
Akilia Association (McGregor and Mason, 1977; Sun and Nesbitt, 1978). 
It is difficult to make detailed comparisons due to lack of data and
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248442
248443 
221127
ISUA AND AK I L ! A
Sm Eu Gd Tb Dy Ho ErLa Ce Pr Nd
Figure 3.14 Chondrite-normalized REE plots of metasedimentary rocks 
from the Isua supracrustals and Akilia association showing low 
(La/Yb)N .
221127
FE THOLE!ITE
Sm Eu Gd Tb Dy Ho ErLa Ce Pr Nd
Figure 3.15 Comparison of REE patterns for LREE-depleted Akilia meta­
sedimentary rock (221127) and high-Fe tholeiites from the Akilia 
association (McGregor and Mason, 1977).
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wide variability in composition for both volcanic and sedimentary 
rocks. Nevertheless, Table 3.5 compares the composition of the 
LREE-depleted Akilia sedimentary rock to the average of two high-Fe 
tholeiites from the Akilia association (119213, 119227; McGregor and 
Mason, 1977). The REE patterns are compared in Figure 3.15 and are 
seen to be remarkably similar. In terms of other elements, the 
sedimentary rock is enriched in Si, K, Cs, Ba, possibly the LIL 
elements (Th, U, Zr, etc.) and depleted in Ti, Ca and Na. These 
differences could be attributed to some combination of natural 
variability, minor contributions of more fractionated material 
(tonalites, etc.) and sedimentary processes (e.g. diagenesis, 
sorting, etc.). From this comparison (particularly REE), a strong 
case can be made for these metasedimentary rocks being derived almost 
exclusively from mafic volcanic rocks with flat to LREE-depleted 
patterns.
Samples showing moderate LREE-enrichment (2<(La/Yb)N<8; Fig. 
3.16) are typical of most fine-grained sedimentary rocks from the 
Archean of the Yilgarn Block, Australia (Nance and Taylor, 1977; 
Bavinton and Taylor, 1980; this study). The origin of such rocks 
through a mixture of mafic volcanics and felsic igneous rocks 
(tonalite-trondhjemite, felsic volcanics) has been argued by these 
authors and in the next chapter (also see Jahn and Sun, 1979).
Samples showing steeper REE patterns ((La/Yb)N>8; Fig. 3.17) 
are similar to Archean sedimentary rocks from the Pilbara region, 
Wyoming and South Africa (see above, Chapter 6). High (La/Yb)N ratios 
are suggestive of a greater contribution of more felsic rocks. In 
fact Moorbath et al. (1975) suggested the conglomerate matrix 158534 
was derived almost exclusively from acid volcanics (an acid tuff?).
Although the Eu-anomalies are quite variable in these samples, 
all but one has Eu/Eu*>0.80. The Isua samples may tend to have lower 
Eu/Eu* than Akilia samples (average Eu/Eu*=0.88 and 1.10, 
respectively), but there is clearly considerable overlap.
3.6.3c La-Th-Sc
The La/Th ratios for these samples vary from 3.4-35.3 with the 
average La/Th=7.5±4.0 (excluding only 119215; La/Th=35.3). This
TABLE 3.5 Comparison of LREE-depleted Akilia metasedimentary rock
(221127) and high-Fe Akilia tholeiites.
221127 High-Fetholeiite 221127
High-Fe
tholeiite
Si02 55.98 46.93
Ti02 0.52 1. 33
Al2°3 12.41 13.06 Th 0.75 *
FeO T 16.77 14.99 U 0.25
*
MnO 0.18 0.29 Zr 48.4 49
MgO 6.12 7.34 Hf 3.26 1.3
CaO 3.89 12.06 Nb 4.84 2.1
Na20 1.23 2.2
V 1.72 0.47 Cr 315 285
Ni 162 115
La 2.55 3.05
Ce 6.59 8.85 Cs 2.38 MD.l
Pr 1.19 1.6 Ba 114 24.5
Nd 6.71 8.65 Pb 5.07 8.5
Sm 2.80 2.85
Eu 1.13 0.88
Gd 3.75 3.7
Tb 0.76 0.65
Dy 5.05 4.35
Ho 1.13 0.93
Er 3.00 2.8
Yb 2.72 2.6
LaN/YbN 0.63 0.81
Y 27.5 26.5
Notes:
221127 - From Table 3.4
High-Fe tholeiite - average of 119213, 119227 from McGregor and 
Mason, 1977.
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152769248484G
248484L 221123
131429
ISUA AND AKILIA
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er
Figure 3.16 REE plots of metasedimentary rocks from the Isua supra- 
crustals and Akilia association, showing intermediate (La/Yb)^.
1 000
1SUA AND A K I L I A
248484A
158534
119215
La Ce Sm Eu Gd Tb Dy Ho Er
Figure 3.17 REE plots of metasedimentary rocks from the Isua supra- 
crustals and Akilia association, showing high (La/Yb)^.
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value is higher than Archean shales from Australia (see Section 
3.5.3c). It is also considerably higher than post-Archean shales 
(La/Th=2.8+0.2; Chapter 2). There is no apparent difference between 
La/Th ratios of the Isua and Akilia samples.
La/Sc ratios also vary considerably with the average 
La/Sc=0.83±0.73, which is much lower than Archean shales from 
Australia (see Section 4.5.3c) and post-Archean shales (La/Sc=2.3±0.2; 
Chapter 2).
3.6.3d Th-U
The absolute abundances of Th and U are highly variable but 
generally much lower than for post-Archean shales. About half the 
samples compare favourably to Archean shales from Australia; the 
others are >4 times lower. The Th/U ratios are considerably less 
variable with average Th/U=4.0+0.9. This value compares reasonably 
well with Archean shales from the Y.ilgarn Block (Th/U=3.4+,0.3) and is 
not very different from post-Archean shales (Th/U=4.5-5.5; McLennan 
and Taylor, 1980b).
3.6.3e Zr-Hf-Nb
There appear to be no distinct differences among the absolute 
abundances of Zr, Hf, Nb in the Isua and Akilia samples. The ratios 
Zr/Hf and Zr/Nb are apparently higher in the Isua samples (Table 3-4). 
These ratios also show considerable scatter. There is a distinct 
correlation between Ti02 and Nb (Fig. 3.18) for most samples. The 
correlations between Ti-Zr, Ti-Hf are more scattered although high 
values of Zr and Hf generally correspond to high Ti02 values. The 
closer coherence of Ti-Nb compared with Ti-Zr-Hf is somewhat 
perplexing since the group Ti-Zr-Hf have more similar geochemical 
characteristics.
The Zr/Hf ratios of the Isua samples (Zr/Hf=34-40) are comparable 
to typical terrestrial rocks (see Chapter 2), but those for the Akilia 
samples are decidedly lower (Zr/Hf=12-38). Conversely, the Zr/Nb 
ratios of the Akilia samples (Zr/Nb=7-15) are similar to typical 
present day upper crustal values (Chapter 2) while the Isua samples 
are much higher (Zr/Nb=22-37) and more like modern LREE-depleted
70.
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-o 4Z
o Ak i l i a  
•  Isua
• • °
2 4 8 4 4 3
1 I I I 1 I I I I I 
0.2 0.4 0.6 0.8 1.0
Ti02 (wt. %)
Figure 3.18 Plot of Nb versus Ü O 2 for metasedimentary rocks from 
the Isua supracrustals and Akilia association. Note the strong 
positive correlation for most samples.
2 2 1 1 3 6
MALENE -  LOW SILICA
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er
Figure 3.19 REE plot of low silica, LREE-depleted metasedimentary rock 
from the Malene supracrustals.
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mid-ocean ridge basalts (Sun et al., 1979). There has clearly been 
much more fractionation among the group Ti-Zr-Hf-Nb in these early 
Archean samples than for post-Archean shales or Archean sedimentary 
rocks from the Yilgarn Block. Whether this fractionation reflects 
differences in source rocks, sedimentary processes or metamorphism 
cannot be determined on so few samples.
3.6.3f Ferromagnesian elements (Cr-V-Ni-Co)
The abundances of these elements are highly variable but all but 
two samples have fairly constant Cr/V, V/Ni and Ni/Co ratios. Only 
two samples (221123, 221127) from the Akilia Association show 
enrichments in Cr and Ni, with associated high Cr/V, Ni/Co and low 
V/Ni ratios, typical of the Cr- and Ni-enriched Archean sedimentary 
rocks from the Pilbara, South Africa and India.
3.6.3g Boron
Boron abundances are highly variable (6-88 ppm) although Isua 
samples tend to have distinctly higher B contents. This may be due to 
higher grades of metamorphism experienced by the Akilia Association. 
Boron is commonly lost from sedimentary rocks during metamorphism 
(Harder, 1974). The fact that all of these rocks have experienced 
high grades of metamorphism (amphibolite) and that concentrations as 
high as 88 ppm boron occur, may suggest that these rocks originally 
had considerably higher amounts.
3.6.3h General
The most interesting feature of this study of Early Archean 
sedimentary rocks is the wide diversity of REE abundances, with 
patterns ranging from (La/Yb)N<1 to (La/Yb)N>20. This range from 
LREE-depleted to very steep REE patterns (high (La/Yb)N) would be 
compatible with mixing of two end members of mafic volcanics (flat to 
LREE-depleted patterns) and felsic igneous rocks similar to the felsic 
volcanics or associated tonalite-trondhjemite suite (high (La/Yb)N). 
The presence of slight negative Eu-anomalies in some samples is 
suggestive of rocks with significant Eu-anomalies in the source. 
Mason (1975) has recognized such rocks in the younger, enclosing 
Amitsoq gneisses.
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3.7 GEOCHEMISTRY OF THE ARCHEAN MALENE SUPRACRUSTALS, WEST GREENLAND
3.7.1 Introduction and General Geology
The Malene Supracrustals, representing about 10—20 % of the 
Archean gneiss complex of West Greenland, consist of conformable 
lenses of amphibolite with lesser amounts of metapelite and 
quartz-cordierite (+.sillimanite) schists (Bridgwater et al., 1976). 
They are commonly associated with ultramafic bands, which probably 
form part of the succession (Bridgwater et al., 1973). Detailed 
geological relations have been summarized by McGregor (1973), 
Bridgwater et al. (1976), and Beech and Chadwick (1980).
The Malene supracrustals are cut by Nuk Gneisses and are 
therefore older than about 3.04 Ae (Pankhurst et al., 1973). They do 
not appear to be cut by Ameralik Dykes suggesting they are younger 
than about 3.7 Ae (see Table 3.3), but no clear-cut primary contacts 
with the Amitsoq Gneiss exist. This leaves some possibility that the 
Malene supracrustals are in fact older than the Amitsoq Gneiss (see 
Bridgwater et al., 1976).
The geochemistry of Malene gneisses in the Buksefjorden area 
(south of Godthab) were examined by Beech and Chadwick (1980). They 
suggested most were of sedimentary origin and consistent with being 
derived from a mixture of material from Amitsoq Gneisses and older 
amphibolites and metasedimentary rocks (enclaves in the Amitsoq Gneiss 
- ie.-'Isua and Akilia rocks) and precipitated Mg-rich clay minerals.
3.7.2 Samples and Results
Eight samples of Malene supracrustal rocks of probable 
sedimentary origin were selected for analysis. Sample descriptions 
and locations are given in Appendix 3* Analytical results are listed 
on Table 3.6.
3.7.3 Discussion 
3.7.3a Major elements
On the basis of major elements, the Malene samples can be divided
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into a low silica group (Si02=50-55£) and high silica group 
(Si02=78-85$). It is not known if these represent two fundamentally 
distinct lithologies or end members of a continuum. Other elements (K 
and Na are exceptions) tend to be higher in the low silica group but 
this is probably a reflection of closure since the ratios K/Na and 
Fe/Mg cannot be distinguished between the groups. There are, however, 
differences in Mg/Ca and Al/Ti ratios.
3.7.3b REE
REE patterns in the low silica group are highly variable (Fig. 
3.19, 3.20). The REE pattern of sample 221136 (Fig. 3.19) displays 
LREE-depletion ((La/Yb)N=0.46) and is virtually indistinguishable from 
Akilia sample 221127. The similar geochemistry extends to most other 
elements and it is likely that sample 221136 was derived from a source 
almost identical to LREE-depleted Isua and Akilia samples. The other 
two REE patterns from the low silica group (Fig 3.20) have similar 
(La/Yb)N, however one has a positive Eu-anomaly and the other a 
negative Eu-anomaly.
The high silica samples show somewhat less diversity. All but 
one sample (221138) show no or slightly positive Eu-anomalies (Fig. 
3.21). All samples are characterized by low total REE (<60 ppm). The 
significant positive Eu-anomaly and low total REE of sample 221138 is 
reminiscent of Archean Group I samples from the Kalgoorlie area (Nance 
and Taylor, 1977), but this sample has much higher (La/Yb)N (13.6 vs. 
5.0-7.2 for Group I samples from Kalgoorlie). The cause of such 
positive Eu-anomalies is commonly attributed to original 
concentrations of plagiocla.se feldspar (Nance and Taylor, 1977). 
Other samples from this group show low (La/Yb)N (201426; 
(La/Yb)N=5.3) and fairly high (La/Yb)N (201424, 201428, 221137; 
(La/Yb)N=11.5-14.0). These types of REE patterns were also seen in 
the Akilia and Isua suites.
3.7.3c La-Th-Sc
The La/Th ratios of these samples are fairly constant 
(La/Th=3.6-5.8) and there is no apparent difference between the 
groups. The average La/Th=5.0±0.8 is much higher than for 
post-Archean shales (La/Th=2.8+0.2; Chapter 2).
7 6 .
201427
201429
MALENE -  LOW SILICA
Sm Eu Gd Tb Dy Ho ErLa Ce
F i g u r e  3 .2 0  REE p l o t  o f  low s i l i c a ,  LREE-enr iched  m e t a s e d i m e n t a r y
r o c k s  from t h e  Malene s u p r a c r u s t a l s . Note  t h e  v a r i a b l e  E u - a n o m a l i e s .
2 0 142 4  
2 0 142 6
221 13 7
2 2 11 3 8
20 14 2 8
MALENE -  HIGH SILICA
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er
F i g u r e  3 .21  REE p l o t  of  h i g h  s i l i c a  m e t a s e d i m e n t a r y  r o c k s  from th e  
Malene s u p r a c r u s t a l s .  Note  t h e  h i g h  (La /Yb)^  f o r  most  samples  and 
t h e  low t o t a l  REE and p o s i t i v e  Eu-anomaly f o r  sample 221138.
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The La/Sc ratios of these samples are quite variable 
(La/Sc=0.11-2.1), but they appear to be much lower than typical 
post-Archean shales (La/Sc=2.3±0.2; Chapter 2) with average 
La/Sc= 1 .0+.0.5 . The low silica group tends to have lower La/Sc but a 
simple relationship between Si02 content and La/Sc is not obvious.
3.7.3d Th-U
The absolute abundances of these elements are also highly 
variable. The lowest abundances correspond to sample 221136 (Th=0.36 
ppm; U=0.23 ppm) which also has the LREE-depletion. Other than this 
sample, the low silica group has distinctly higher Th and U abundances 
than the high silica group. This is almost certainly a function of 
quartz dilution. The values of Th/U are also variable (Th/U=1.2-4.1) 
but the average Th/U=3.0+0.9 is lower than typical post-Archean shales 
(Th/U=4.5-5•5; McLennan and Taylor, 1980b). There is no apparent 
difference in the Th/U ratios between the high silica and low silica 
groups.
3.7.3e Zr-Hf-Nb
The absolute abundances and ratios among the Zr-Hf-Nb group are 
highly variable, reminiscent of the Isua and Akilia samples. The high 
silica group tends to have lower abundances, consistent with higher 
quartz content, but there is no apparent difference in Zr/Hf and Zr/Nb 
ratios between the two groups. The correlation between Ti-Nb, seen in 
the Akilia and Isua samples is not seen in these rocks, however, high 
Zr, Hf and Nb abundances tend to correspond with high Ti abundances.
3.7.3f Ferromagnesian elements (Cr-V-Ni-Co)
The abundances of these elements are not anomalously high (e.g. 
Cr=33-220 ppm; Ni=15—148 ppm) in comparison to Archean shales from 
the Yilgarn Block. The ratios Cr/V, V/Ni vary somewhat, but are 
mostly in the range 0.5-3.0. Sample 221136 has high Cr/V and low V/Ni 
compared to the other samples. Ni/Co ratios are in the range of 
2.7-3.9, except sample 221 136 (Ni/Co=7.8). With the possible 
exception of 221136 (the LREE-depleted sample) there is no evidence of 
anomalously high Cr and Ni abundances relative to the other 
ferromagnesian elements.
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3.7.3g Boron
The B content of these samples is highly variable (<5 ppm 
(detection limit) to 355 ppm). The possible loss of B during 
metamorphism severely hampers any interpretation of these data with 
regard to paleosalinity determination.
3.7-3h General
As with the Early Archean samples from Isua and Godthab (Akilia), 
the most interesting feature of these rocks is the wide diversity of 
REE patterns. Sample 221136, with LREE depletion (Fig. 3.19) is very 
similar in REE and other elements to Akilia sample 221127 and suggests 
that almost identical mafic rocks which acted as a source for the Isua 
and Akilia sedimentary rocks also were present in the source for the 
Malene sedimentary rocks. The wide range of REE patterns also argues 
strongly for more than one lithology in the source. As with the 
Akilia and Isua samples, much of the variation in most samples can be 
explained by a two component mixture involving LREE-depleted rocks 
(similar to 221136) and fractionated LREE-enriched rocks such as 
tonalites-trondhjemites or felsic volcanics.
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CHAPTER 4
GEOCHEMISTRY OF ARCHEAN SHALES: GENERAL OBSERVATIONS 
4.1 INTRODUCTION
In Chapter 2, the trace element geochemistry of post-Archean 
shales was examined and compared to the composition of the 
post-Archean upper crust. It was found that a number of element 
groups (REE-Th-Sc; Zr-Hf-Nb; Cr-V-Ni-Co) behaved in a reasonably 
coherent fashion and that certain trace element parameters of shales 
(e.g. REE patterns, La/Th, La/Sc, etc.) could be used to characterize 
the upper crust. In this chapter the trace element characteristics of 
Archean shales are examined and compared to post-Archean shales. From 
this, some inferences on the nature and origin of the Archean crust 
emerge.
The selection of samples was based on similar criteria as used in 
selecting post-Archean samples, the most important being that samples 
were fine-grained sedimentary rocks with little or no carbonate. A 
further requirement for the Archean samples was that they had no 
greater Si content than any of the post-Archean samples (ie.- 
Si02<71$), to minimize dilution effects from quartz on geochemical 
relations.
Direct comparisons remain somewhat difficult since the Si content 
of Archean shales may be intrinsically lower than post-Archean shales 
(Fig. 4.1). Many of the Archean low silica shales (Si02<50/6) have 
high FeO contents (e.g. see Kambalda data, Appendix 5). This is 
likely due to the presence of iron-sulphides or iron-oxides since the 
intimate association of iron-formations and Archean shales is very 
common (e.g. Dunbar and McCall, 1971). The data used for this study 
were taken from Tables 3.2, 3.4, 3.5, 6.2 and Appendix 5. Further
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Figure 4.1 Histogram of Si02 content for post-Archean and Archean 
shales. Archean shales tend to have lower SiÜ2 content.
1 000
ARCHEAN IGNEOUS LITHOLOGIES
NA-GRANITE
MAFIC VOLC
Sm Eu Gd Tb Dy Ho ErLa Ce Pr Nd
Figure 4.2 Chondrite-normalized REE plots of average mafic volcanic 
and tonalite-trondhjemite, used in this study. Data listed on Table
4.2.
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data from the literature, used for comparative purposes are presented 
in Table 4.1.
4.2 SEDIMENTARY ROCKS AND THE ARCHEAN CRUST
The distribution of trace elements in post-Archean shales 
reflects, to varying degrees, the composition of the post-Archean 
upper crust. Before inferences can be made for the Archean upper 
crust, from the sedimentary data, it must be established that sampling 
of widespread provenance is occurring. One possibility is that 
Archean sedimentary rocks are sampling mainly volcanic material found 
in greenstone belts. Petrographic studies suggest that the common 
Archean igneous lithologies as well as recycled sedimentary debris act 
as the source of Archean sedimentary rocks (see Section 3.2).
The most sensible model for the generation of present-day 
additions to the continental crust is by the accretion of island-arc 
volcanics (e.g. Taylor, 1967, 1977). This material, in turn, is 
remelted forming a granodioritic upper crust and more mafic lower 
crust. Whether such a model is viable for the Archean is debatable 
and the evidence collected thus far is enigmatic (Taylor, 1977). A 
valid alternative, whose merits will be discussed below, is that the 
Archean crust was dominated by a bimodal suite (e.g. Barker and 
Peterman, 1974; Barker and Arth, 1976) of mafic volcanics and 
tonalite-trondhjemite granitic rocks (and felsic volcanics of similar 
composition). Although volcanic rocks of andesitic major element 
composition are abundant, volcanics with typical andesite REE patterns 
and other trace element characteristics are relatively rare (e.g. 
Taylor and Hallberg, 1977).
For purposes of comparison, estimates of the average composition 
of Archean mafic volcanics and tonalite-trondhjemite granitic rocks 
were determined (Table 4.2). From the work at Yellowknife (also see 
Jahn and Sun, 1979), it appears unlikely that these rocks can be 
distinguished from typical Archean felsic volcanics solely on the 
basis of geochemistry. Sources of data include Arth and Hanson 
(1975), Jolly (1975), Condie (1976b), Nesbitt and Sun (1976), Sun and 
Nesbitt (1977, 1978), Jahn et al (1980) and others, for the mafic 
volcanic composition and Condie and Hunter (1976), Glikson (1976, 
1979), O’Nions and Pankhurst (1978), Drury (1978, 1979), Jenner et al.
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TABLE 4.1 Average chemical composition* of various Archean shales.
1 2 3
Si02 58.4 + 1.8+ 60.58 + 4.26 52.85
Ti02 0.71 + 0.09 0.85 + 0.31 1.48
ALO, 17.0 + 1.6 13.57 + 1.12 23.972 3 —
FeO** 7.38 + 1.47 7.15 + 1.64 6.10T
MnO 0.09 + 0.03 0.21 + 0.10 0.13
MgO 3.16 + 0.77 5.02 + 1.78 5.00
CaO 1.54 + 0.51 4.98 + 1.77 3.84
Na20 2.5 + 0.5 2.14 + 0.78 2.42
K2° 2.92 + 0.68 1.58 + 0.62 1.66
p_oc 0.15 + 0.04 0.39 + 0.14 0.052 5 —
C 1.1 +• 1.5 - -
S 1.08 + 1.4 - -
L.O.I. 5.4 + 2.3 - -
Rb 91 + 22 - -
Ba 541 + 110 - -
Pb 18 + 11 - -
Sr 233 + 115 - -
K/Rb 266 - -
Rb/Sr 0 . 3<5 - -
La 24 + 2 - -
Y 17 + 3 25 ± 7.1 -
U 1.7 + 0.3 - -
Zr - 73 + 26 -
Sn 2.9 + 1.8 —
contd.
8 3 .
TABLE 4 . 1  C o n td .
1 2 3
Cr 120 + 34 231 + 134 1000
V 128 + 23 137 + 51 149
Sc 16 + 3 - -
Ni 113 + 29 142 + 50 241
Co 34 + 6 74 + 15 28
Cu 66 + 17 401 + 156 -
Ga 18 + 2 9 + 2 -
C r/V 0 .9 4 1 .7 6 . 7
N i /C o 3 .3 1 .9 8 .6
C r /N i 1 .1 1 . 6 4 .2
B 31 + 18
N o t e s :
* m a j o r  e l e m e n t s  i n  w e i g h t  p e r c e n t ;  t r a c e  e l e m e n t s  i n  ppm.
** t o t a l  Fe a s  FeO
+ u n c e r t a i n t i e s  r e p r e s e n t  95% c o n f i d e n c e  l e v e l s .
1. A v e rag e  o f  8 c o m p o s i t e s  ( i n v o l v i n g  406 s a m p le s )  o f  A rc h ean  
s h a l e s  ( 2 . 5 - 3 . 0  Ae) from  t h e  C a n a d ia n  S h i e l d  (Cameron and  
G a r r e l s ,  1 9 8 0 ) .
2 .  A v e rag e  o f  16 m e t a s e d i m e n t a r y  r o c k s  ( m e t a p e l i t e s  ?) f rom  t h e  
Chitradogga S c h i s t  B e l t  ( c a .  2 . 6  Ae) (N aqvi and  H u s s a i n ,  1 9 7 2 ) .
3. A v e rag e  o f  14 A rc h ean  m e t a p e l i t e s  from  t h e  S a r g u r  G roup 
( c a .  3 . 3  Ae) (N a q v i ,  1 9 7 8 ) .
TABLE 4.2 Average Archean igneous lithologies
Average Archean Average Archean Average Archean 2:1
volcanic rock mafic volcanic Na-rich granite
(1) (2) (3) (4)
Si02 57.2 49.3 69.0 55.9
Ti°2 0.9 1.2 0.5 1.0
A12°3 15.6 14.5 15.8 14.9
FeOT 9.5 13.5 3.3 10.1
MnO 0.2 0.2 0.1 0.2
MgO 5.2 9.0 1.5 6.5
CaO 7.2 9.5 3.0 7.3
Na2° 3.1 2.3 4.5 3.01 O c\ 
* 0.9 0.4 2.3 0.9
P2°5 0.2 0.2 0.2 0.2
Bb - 10 50 23
Ba 237 125 350 200
Sr 214 175 300 217
Pb 6.7 5 8 6
Th - 1.1 8.0 3.4
U - 0.3 2.0 0.9
Zr 105 60 200 107
Hf - 2 4 3
Nb - 5 6 5
Cr 220 350 30 243
V 287 300 50 217
Sc - 40 5 28
Ni 131 200 20 140
Co 32 40 10 30
Contd
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TABLE 4.2 Contd.
Average Archean 
volcanic rock
Average Archean 
mafic volcanic
Average Archean 
Na-rich granite
2:1
(1) (2) (3) (4)
La 14 3.7 30 12.5
Ce 30 9.6 62 27
Pr 3.6 1.4 6.8 3.2
Nd 15 7.1 27 14
Sm 3.4 2.3 4.9 3.2
Eu 1.1 0.87 1.4 1.05
Gd 3.4 3.1 3.6 3.3
Tb 0.60 0.58 0.50 0.55
Dy 3.8 3.8 2.5 3.4
Ho 0.81 0.85 0.45 0.72
Er 2.2 2.5 1.1 2.0
Yb 2.1 2.5 0.90 2.0
LaN/YbN 4.5 1.0 22.5 4.2
Y 20 20 10 17
Notes:
1. Average Archean volcanic rock. Major and trace elements 
(excluding Zr and REE) from Goodwin, 1977. Zr from Goodwin 
(1977) except average mafic volcanic taken at Zr = 60 ppm 
(see Chapter 7). REE taken from literature, assuming 
lithologic proportions given in Goodwin (1977).
2. Average Archean mafic volcanic; see text for data sources.
3. Average Archean Na-rich granite (tonalite-trondhjemite) ;
see text for data sources. It is unlikely if the composition 
of these rocks can be distinguished from many Archean felsic 
volcanics.
4. Mixture of Archean mafic volcanics (Column 2) and tonalite- 
trondh jemite (Column 3) in the proportions 2:1.
86.
(1981) and others for the tonalite-trondhjemite composition. Although 
these components (particularly the tonalite-trondhjemite suite) are 
highly variable, and could have systematic regional differences, for 
the purposes of this work these averages are distinct enough to be 
useful for some general comparisons.
The REE patterns of these two components are plotted on Figure 
4.2. The mafic volcanic pattern was taken at 10 times chondritic 
abundances for all REE. Both LREE-enriched and LREE-depleted patterns 
are common in Archean mafic volcanics (e.g. Sun and Nesbitt, 1978; 
Jahn et al., 1980). An average flat pattern is the most reasonable 
(Jahn and Sun, 1979). The steep character of REE patterns of 
tonalite-trondhjemite granites is well documented. Both positive and 
negative Eu-anomalies have been noted in some samples, by various 
authors, but an overall net Eu-anomaly cannot be demonstrated. 
Negative Eu-anomalies also exist in some Archean felsic volcanics 
(e.g. Condie, 1976b; Taylor and Hallberg, 1977; Fryer and Jenner, 
1978). These probably result from shallow intracrustal melting or 
fractionation. Felsic volcanics, with steep REE patterns and no 
Eu-anomalies may be most common (Jahn and Sun, 1979) but this has yet 
to be adequately demonstrated.
4.3 MAJOR ELEMENT CHARACTERISTICS
A first order observation is that Archean shales are 
characterized by extremely variable major element composition. For 
example Si02 varies from <35$ to >70$ and K20/Na20 varies from <0.2 to 
>18. No simple correlations have been noted which can be applied to 
Archean sedimentary rocks in general. This observation extends to 
elements which might be expected to be well correlated such as 
MgO-FeO, MgO-MnO.
When the data are plotted on an AFM diagram, the Archean field 
completely encompasses the field of post-Archean shales (Chapter 2) 
and extends to alkali enrichment and iron enrichment. Iron enrichment 
in Archean sedimentary rocks could be due to the ubiquitous presence 
of iron sulphide (pyrite, etc.) in Archean shales. The association of 
iron oxide iron-formations with Archean fine-grained sedimentary rocks 
(e.g. Dunbar and McCall, 1971)is also common. Accordingly, the iron 
enrichment may on occassion be due to the influence of chemical
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sedimentation and exhalative processes. Another important factor is 
the common tendancy »'n iron enrichment of mafic volcanics during 
differentiation processes and this could be a second reason for common 
iron enrichment.
It is generally held that Archean sedimentary rocks have lower 
K20/Na20 ratios than post-Archean sedimentary rocks. This has been 
attributed to lack of chemical weathering and different upper crustal 
composition. In the present study, this general trend has been noted. 
On the other hand, some sequences, such as the Gorge Creek Group have 
K20/Na20 ratios which are indistinguishable from many typical 
post-Archean shales (K20/Na20>10). The REE patterns of these samples 
are not particularly anomalous when compared to other Archean samples 
with lower K20/Na20 (see below).
4.4 TRACE ELEMENT CHARACTERISTICS 
4.4.1 General Observations
In Chapter 2, the consistent behavior of certain trace elements 
was emphasized. In contrast, Archean sedimentary rocks tend to have 
more variable REE patterns and other trace element signatures. 
Moreover, some of these variations occur in a systematic fashion which 
sheds considerable light on the origin of Archean shales.
In Figure 4.3a, Archean shales are plotted on a ternary diagram 
of three elements with very different geochemical characteristics 
(Th-Hf-Co). Thorium coheres with LREE, Hf forms part of the Zr-Hf-Nb 
group and Co represents the ferromagnesian elements. Whereas 
post-Archean shales from Australia plotted in a fairly restricted 
field, Archean shales form an extended linear trend from the Co apex 
to the centre of the diagram. Such a trend is suggestive of two 
component mixing for the source of Archean shales. The trend is 
parallel to a mixing line for mafic volcanics and a more felsic 
composition, such as that of average Archean tonalite-trondhjemite. 
On such a diagram, the present day upper crust composition could also 
be the felsic end member. This, however, would be inconsistent with 
the REE data (see below).
When three elements showing closer geochemical behavior
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Figure 4.3 (a) Th-Hf-Co ternary diagram and (b) La-Th-Sc ternary dia­
gram of Archean shales and metasedimentary rocks (from Greenland). 
Fields of post-Archean shales (Fig. 2.2) also shown for comparison. 
Symbols defined in Figure 2.1 (TT - average Archean tonalite- 
trondhjemite; AMV - average Archean mafic volcanic; Table 4.2).
The linear trends of the Archean shale data are taken as evidence 
for mixing of two chemical components. Archean mafic volcanics and 
Archean felsic igneous rocks (i.e. - tonalites-trondhjemites) are 
viable end members.
a. I
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(La-Th-Sc) are compared (Fig. 4.3b), a similar picture emerges. The 
post-Archean data tend to cluster in a fairly small field around the 
present upper crust composition. On the other hand, the Archean form 
a linear trend between the post-Archean field and the Sc apex. Again, 
this linearity suggests two component mixing and falls on a mixing 
line between the average Archean mafic volcanic and 
tonalite-trondhjemite compositions. The occurrence of such linear 
trends on two ternary diagrams is taken as strong evidence for two 
component mixing.
A further implication of the La-Th-Sc diagram is that Sc does not 
cohere with La in the same fashion as in post-Archean shales. This 
will be discussed in further detail below.
4.4.2 REE
In examining REE characteristics of Archean shales, slightly more 
latitude in sample selection was adopted, to allow samples with more 
carbonate material. This resulted in one additional sample (from 
Isua) being considered.
Figure 4.4 plots the abundances of several LIL elements against 
(La/Yb)N. There is considerable scatter but broad correlations are 
observed for the majority of the data. Such relationships are not 
unexpected since LREE are more incompatible than HREE and would be 
expected to become enriched with other LIL elements. It is generally 
accepted that REE are not severely affected by secondary processes 
(weathering, metamorphism, etc.; see Appendix 1) and these 
correlations would support the idea that these other LIL elements 
behave likewise.
On the basis of (La/Yb)N and Eu-anomalies, Archean shale REE 
patterns can be divided into five groups, labeled Group I-V in 
decreasing importance (Table 4.3). The average REE patterns of these 
groups are listed in Table 4.4 and plotted in Figures 4.5 and 4.6. 
There is in fact a continuum of REE patterns among Groups I, II and 
IV, however, samples with (La/Yb)N=3-10 are by far the most common. 
This continuum of REE patterns between flat (to slightly 
LREE-depleted) to LREE-enriched (and rarely HREE-depleted) is also 
considered as evidence for two component mixing of Archean mafic
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Figure 4.4 Plot of various incompatible elements versus (La/Yb)^ for 
sedimentary samples. Balloons around a majority of the data indicate 
there is a tendency for increasing abundances of incompatible 
elements with increasing (La/Yb)^.
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TABLE 4.4 REE in various
for definitions; in ppm)
types of Archean shales (see Table 4.3
GROUP I II III IV V
La 15.4 30.7 11.3 2.40 24.9
Ce 33.2 63.0 25.3 6.63 57.0
Pr 3.86 7.24 3.13 1.10 7.22
Nd 15.4 28.3 13.2 5.96 30.2
Sm 3.23 5.33 2.83 2.32 6.53
Eu 0.98 1.40 1.26 0.84 1.39
Gd 3.07 3.96 2.83 3.03 5.38
Tb 0.51 0.64 0.49 0.60 0.88
Dy 3.16 3.49 3.03 4.16 5.05
Ho 0.69 0.76 0.60 0.98 1.11
E r 1.97 2.16 1.80 2.78 3.12
Yb 1.94 2.01 1.75 2.70 2.83
I REE 84.0 149.16 68.0 34.3 146.5
(La/Yb)N 5.4 10.3 4.4 0.60 5.9
Eu/Eu* 0.95 0.93 1.36 0.97 0.72
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Figure 4.5 REE plots of average Archean shales and metasedimentary
rocks (from Greenland) in Groups I, II and IV, from Table 4.4. Archean 
shales, in fact, form a continuum between LREE-depleted patterns and 
patterns with extreme LREE-enrichment (and HREE-depletion). This is 
further evidence that Archean shales are derived from mixing of two 
chemical components (cf. Fig. 4.2).
GROUP I I I 
GROUP V
ARCHEAN SHALES
Sm Eu Gd Tb Dy Ho ErLa Ce Pr Nd
Figure 4.6 REE plots of average Archean shales and metasedimentary 
rocks (from Greenland) in Groups III and V from Table 4.4. Samples 
with positive Eu-anomalies (Group III) can commonly be related 
to local plagioclase accumulations. Samples with negative Eu- 
anomalies (Group V) are extremely rare.
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volcanics and tonalite-trondhjemite (cf. Fig. 4.2).
Of great importance is the nature of the Eu-anomalies in Archean 
sedimentary rocks. For 56 samples considered, the average 
Eu/Eu* = 0.9Ö+.0.04 (at 95$ confidence). Thus, on average, Archean 
shales are not anomalous with respect to Eu. This conclusion can also 
be extrapolated to Archean greywackes (e.g. Yellowknife). This 
situation differs, fundamentally, for post-Archean shales which are 
characterized by negative Eu-anomalies (Eu/Eu*-0.65). It indicates 
that different processes were involved in the generation of the 
Archean upper crust (see Chapter 7).
Samples with considerable positive and negative Eu-anomalies do 
occur (Group III and V; Fig. 4.6). All of the samples analysed so 
far, with substantial Eu-anomalies, have (La/Yb)N=2-8 and thus would 
otherwise fall into Group I. The presence of positive Eu-anomalies is 
generally ascribed to concentration of plagioclase in the sediments 
(e.g. Nance and Taylor, 1977) and cannot be taken as evidence for 
early anorthositic crust (Taylor, 1979). A few samples (not 
considered in this study), with very low total REE abundances and 
positive Eu-anomalies may be due to chemical sedimentation from 
hydrothermal solutions (Kerrich and Fryer, 1979; Bavinton and Taylor, 
1980) .
Substantial negative Eu-anomalies (Eu/Eu*<0.8) are extremely 
rare. Early Archean granitic and volcanic rocks with negative 
Eu-anomalies are not abundant but have been noted in several Archean 
terrains (e.g. Condie, 1976b; Condie and Hunter, 1976; Glikson, 
1976; Taylor and Hallberg, 1977). Local derivation from such rocks 
could account for such anomalies. Also, some sequences are 
characterized by slight negative Eu-anomalies (Eu/Eu*=0.80-0.95; 
Pilbara, Isua, Moodies) and a small component (<10%) of igneous 
material with an extreme negative Eu-anomaly (Eu/Eu*<0.7) is required 
to explain such features.
In Table 4.5, the weighted average of the Archean sedimentary 
rocks from this study is given and compared to the average Archean 
shale from Australia (AAS) reported by Taylor and McLennan (1980a,b,c; 
from data in Nance and Taylor, 1977; Bavinton and Taylor, 1980). The 
two averages compare quite favourably with the more recently
TABLE 4.5 REE
AAS and PAAS
in Average Archean 
(in p p m ) .
shale (this s t u d y ) ,
Average
Archean
Shale
AAS PAAS
La 19.8 12.6 38
Ce 41.7 26.8 80"
Pr 4.88 3.13 8.9
Nd 19.5 13.0 32
Sm 3.97 2.78 5.6
Eu 1.16 0.92 1.1
Gd 3.43 2.85 4.7
Tb 0.57 0.48 0.77
Dy 3.40 2.93 4.4
Ho 0.74 0.63 1.0
Er 2.12 1.81 2.9
Yb 2.03 1.79 2.8
EREE 103.9 70.3 183.0
(La/Yb) N 6.6 4.8 9.2
Eu/Eu* 0.96 1.0 0.66
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determined average having slightly higher total REE and (La/Yb)N. 
Both averages differ from typical post-Archean shales (ie.- PAAS) in 
having lower total REE, (La/Yb)N and no detectable Eu-anomaly.
4.4.3 La-Th-Sc
The coherence of Th and LREE, as indicated by La/Th ratios, was 
documented for post-Archean shales in Section 2.4.3 (see Fig. 2.5a; 
McLennan et al., 1980). The average La/Th ratio of post-Archean 
shales is 2.8+0.2. In Figure 4.7a, a histogram of La/Th ratios for 
Archean shales is shown. The values are considerably more dispersed 
than the case of post-Archean shales (Fig. 2.5a) but tend to be 
higher with average La/Th=3.5±0.3. The correlation between La and Th 
is statistically significant at >99.9% confidence level (r=0.9). The 
average La/Th ratio agrees well with a previous compilation which 
allowed greater latitude in sample selection (McLennan et al., 1980); 
this paper is reproduced in Appendix 6 (see Chapter 2).
The philosophy behind deriving some upper crustal abundances from 
La/Th ratios is fully described in McLennan et al., (1980; Appendix 
6). Using the average La/Th ratio of 3.5 (Fig. 4.7a) and an average 
Archean shale La value of 19.8 ppm (Table 4.5), the following Archean 
upper crust element concentrations are derived: La=19.8 ppm; Th=5.7 
ppm (La/Th=3.5); U=1.5 ppm (Th/U=3.8); K20=1.8$ (K/U=10,000); Rb=50 
ppm (K/Rb=300). These values support a more mafic composition for the 
Archean upper crust (McLennan et al., 1980), and in fact are closely 
comparable to the present day total crust composition predicted by the 
andesite model or a 1:2 mixture of average Archean mafic volcanics and 
tonalite-trondhjemite (Table 4.2).
It is apparent from Figure 4.3b that a correlation between La and 
Sc does not exist for Archean sedimentary rocks in general. This can 
also be shown by the low correlation coefficient (r=0.2). A histogram 
of La/Sc ratios in Archean sedimentary rocks (Fig. 4.7b) does, 
however, indicate that the La/Sc values for Archean sedimentary rocks 
are generally below that of post-Archean sedimentary rocks (cf. Fig. 
2.5b). A mean value of La/Sc=1.2±0.2 can be determined but the 
uncertainty has little meaning since the data are not normally 
distributed and may even be bimodal.
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30 -
UC TC
n = 51
La/Sc
Figure 4.7 Histograms of (a) La/Th and (b) La/Sc ratios in Archean 
sedimentary samples. There is a good correlation between La and Th 
(R = 0.9) and the average La/Th (3.5) is higher than for post- 
Archean shales. There is no correlation between La and Sc but 
typical La/Sc ratios are lower than for post-Archean shales.
S e < p  - f i ? - 1
La/Sc
Figure 4.8 Plot of (La/Yb)^ versus La/Sc for Archean sedimentary
samples. Symbols defined in Figure 4.3. There is a clear relation 
between these parameters. Superimposed is a mixing line between 
average Archean mafic volcanics (star) and tonalite-trondhjemite 
(off diagram). The exact position of this line is sensitive to 
slight shifts in tonalite-trondhjemite composition.
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The values of La/Sc are correlated with (La/Yb)N ratios (Fig. 
4.8). Such a correlation suggests a compositional control on La/Sc 
ratios, since (La/Yb)N ratios generally increase with increasing 
igneous fractionation. This trend of increasing La/Sc with increasing 
(La/Yb)N appears to have a parabolic form, which may be indicative of 
mixing. Superimposed on the figure is a mixing line for average 
Archean mafic volcanics (AMV) and average Archean 
tonalite-trondhjemite (TT) from Table 4.2. The line is essentially 
parallel to the data, forming a boundary at the high (La/Yb)N samples. 
Considering the uncertainties in estimating AMV and TT, this must be 
considered as supportive evidence for a mixing model to explain the 
sedimentary data. If the average Yb value in TT is increased from 0.9 
ppm to 1.1 ppm, for example, the mixing line would go through the 
centre of the data.
A lack of correlation between La/Th and (La/Yb)N may seem 
somewhat puzzling since La/Th ratios also have a strong overall 
compositional dependence (McLennan et al., 1980). It is noted, 
however, that the two end member compositions (AMV, TT) proposed in 
Table 4.2 fortuitously have nearly identical La/Th ratios. If these 
La/Th ratios are typical, it would explain why La correlates with Th 
but La/Th does not correlate with (La/Yb)N.
4.4.4 Th-U
The abundances of both Th and U in these Archean shales 
(Th=6.3j+1.4 ppm, U=1.6+,0.4 ppm (n=51)) are much lower than 
post-Archean shales. By comparison, the average post-Archean values 
were Th=l4.6±1.2 ppm and U=3.1±0.4 ppm (McLennan and Taylor, 1980b). 
These low values are both in accord with the generally lower LREE 
abundances. The average Th/U ratio for Archean shales is 3*9±0.5 
(n=51). This value is lower than post-Archean shales which typically 
fall between 4.5-5.5.
The distribution of Th-U systematics in Archean sedimentary rocks 
has been discussed by McLennan and Taylor (1980b) and a copy of this 
paper is presented in Appendix 6 (see Chapter 2). In that paper, it 
was suggested that very early Archean (>3.0 Ae) sedimentary rocks have 
much lower Th, U contents and Th/U ratios than sedimentary rocks 
deposited later than 3.0 Ae. This was based solely on the Greenland
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data, which was presented without the geochemical 'screens' discussed 
above (particularly Si02<71$). The additional data now available for 
Greenland as well as the Pilbara and South Africa data show that this 
suggestion is not correct. Several Greenland samples do have very low 
Th (<1 ppm) and U (<0.3 ppm) but these are restricted, to samples with 
very low (La/Yb)N. Even these samples do not show any systematic 
difference in Th/U.
4.4.5 Zr-Hf-Nb
The coherence of Zr-Hf in terrestrial rocks was noted in Chapter 
2 and extended to post-Archean shales in general. A more scattered, 
but probably significant, correlation was also noted for Zr-Nb.
Archean shales can be divided into two groups on the basis of 
Zr-Hf-Nb systematics (Fig. 4.9). The first group includes samples 
from the Yilgarn Block (Kambalda, Kalgoorlie) and from Isua. These 
samples show correlations among the elements Zr-Hf-Nb with average 
Zr/Hf=38.1+.2.6 and average Zr/Nb=28.3±3.6 (excluding one sample only 
for each case) . The Zr/Hf ratio is about the same as for post-Archean 
shales, but the Zr/Nb ratio is more than twice as high (Section 
2.4.5). The second group includes samples from the Pilbara Block, 
South Africa and Greenland (excluding Isua). These samples show a 
wide range of both Zr/Hf and Zr/Nb ratios (Fig 4.9). There is some 
suggestion of Zr-Nb correlation but not between Zr-Hf (Fig. 4.9). On 
the Zr/10-Hf-Nb ternary diagram (Fig. 4.9), most variation is seen 
towards the Zr apex. Also, there are correlations between Zr/Hf-Zr/Nb 
and Hf-Nb suggesting there is seperation of Zr from Hf and Nb in some 
Archean sedimentary rocks. Such fractionation is completely 
unexpected since the Zr-Hf coherence is generally thought to be very 
close and comparable to that of the REE. The cause of this 
fractionation is unknown but is clearly worthy of further research 
since an understanding could provide further insights into geochemical 
processes operating during the formation of Archean sedimentary rocks.
4.4.6 Ferromagnesian Elements (Cr-V-Ni-Co)
The ferromagnesian elements in Archean shales show very different 
behavior compared to post-Archean shales (Fig. 4.10). There is no 
correlation between the pairs Cr-V, V-Ni, Ni-Co. Only the Cr-Ni
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Figure 4.9 Zr-Hf-Nb relations for Arcbean shales and metasedimentary 
rocks (from Greenland). Some samples show correlation between Zr 
and Hf while others do not. Other chemical data do not reveal a 
reason for the different behavior.
4.0 12.0 20.0 1.0 3.0 5.0
Ni/Co Cr/Ni
Figure 4.10 Histograms of Cr/V, V/Ni, Ni/Co and Cr/Ni for Archean 
sedimentary samples. There is no correlation between Cr-V, V-Ni, 
Ni-Co but Cr-Ni correlates with a similar Cr/Ni ratio compared to 
post-Archean shales.
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relationship holds in a similar fashion to post-Archean shales 
(Archean Cr/Ni=1. 7±0.2). The cause of this lack of correlation is the 
overall enrichment of Cr and Ni in Archean sedimentary rocks when 
compared to post-Archean sedimentary rocks (Fig 4.11). This 
enrichment is not extended to the other ferromagnesian elements.
Some enrichment of Cr and Ni in Archean basalts, compared to 
modern basalts of comparable Mg-number is quite well established 
(Jolly, 1975; Nesbitt and Sun, 1976; Hawkesworth and O’Nions, 1977; 
Gill, 1979), and has been used to argue against an island-arc model 
for the origin of many Archean volcanics (Hawkesworth and O’Nions, 
1977; Gill, 1979). As pointed out by Jahn and Sun (1979), however, 
differing pressure, temperature, composition and redox conditions 
could also result in differing Ni and Cr abundances.
The sedimentary data indicate clearly that the overall Archean 
upper crust, on average, had considerably greater Cr and Ni contents 
than the present-day upper crust. If it is assumed that these 
elements are enriched by a factor of 2-3 in sedimentary rocks (by 
analogy with post-Archean data - see Fig 2.8) then these data could 
also be explained by bimodal mixing models of Archean mafic volcanics 
and tonalites-trondhjemites. Meaningful quantitative modelling is 
negated by the extreme variation of Cr and Ni abundances (Fig. 4.10) 
and by variable behavior of these elements during sedimentary 
processes.
4.4.7 Boron
The high abundances of boron in many of the Archean shales 
analysed in this study are interesting and deserve continued research. 
In many cases, the B content measured would represent a minimum 
estimate of the original content, since B is generally lost during 
metamorphism (Harder, 1974).
The use of B as a paleosalinity indicator is not infallible (e.g. 
Shaw and Bugry, 1966) and must be approached with considerable 
caution. For example, in modern marine environments, B uptake in 
sedimentary rocks is greatly influenced by the presence of illite, 
which may adsorb twice as much B as montmorillonite or chlorite 
(Degens, 1965). Thus, in the Archean, low boron contents may not
1 0 2 .
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reflect a non-marine environment if the crustal K content was lower 
and thus illite was less common.
Keeping these caveats in mind, it has commonly been observed that 
B content in argillaceous sedimentary rocks in excess of 80-100 ppm is 
associated with marine environments. Also B-Ga-V-Rb relations have 
been used to infer marine from non-marine environments. The two 
diagrams which can be constructed from the presently available data 
are plotted in Figure 4.12. The data from Greenland are not plotted 
since these rocks have experienced high degrees of metamorphism 
(amphibolite grade or higher) and the B content is likely to have been 
affected. More than half of the samples plot in the marine field for 
one or both of the diagrams, and more than half of the samples have B 
content in excess of 75 ppm.
Whether these data indicate a marine environment, similar to that 
found today, for the deposition of some Archean sedimentary rocks must 
be considered uncertain. However, many of the processes of B 
enrichment in sedimentary rocks, possibly including salinity effects, 
must have occurred.
4.5 AVERAGE ARCHEAN SHALE AND PROVENANCE OF ARCHEAN SEDIMENTARY ROCKS
It is a difficult task to determine a meaningful average Archean 
shale due to the lack of data and the ranges in composition. Some 
idea of the regional compositional variations can be seen in Table 4.6 
where the average of shales from various regions are listed. Although 
average Si02 varies only from 55.7-58.4%, other geochemical parameters 
differ significantly. For example K20/Na20 varies from 0.6-6.2; 
(La/Yb)N varies from 4.2-9.4; Cr content varies from 120-828 ppm. To 
estimate an average, it has been necessary to assume that the analyses 
available are a representative cross-section. Obviously, as more data 
are accumulated, the estimate may be refined.
Following the procedures used to estimate the average 
post-Archean shale, an estimate of the average Archean shale is given 
in Table 4.6. The values for Rb and Sr were taken from the literature 
(Bavinton and Taylor, 1980; Cameron and Garrels, 1980) and 
unpublished data from this laboratory. The Archean and post-Archean 
averages are compared in Figure 4.13 and 4.14. For comparative
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TABLE 4.7 Composition of average Archean shale and various mixtures 
of Archean mafic volcanics and tonalites - trondhjemites.
Archean ^  
Shale
2)
1:1
3)
2:3
Si02 60.4 59.2 61.1
Ti02 0.8 0.9 0.8
A12°3 17.0 15.2 15.3
FeO 9.5 8.4 7.4
MnO 0.1 0.15 0.1
MgO 4.3 5.3 4.5
CaO 3.2 6.3 5.6
NaO 2.1 3.4 3.6
k2o 2.3 1.4 1.5
P2°5 0.1 0.2 0.2
A i p 3/Ti02 21.3 16.9 19.1
K20/Na20 1.1 0.41 0.42
Cs 6.0 _ _
Rb 60 30 34
Ba 575 238 260
Pb 20 6.5 7
Sr 180 238 250
K/Rb 318 387 366
Rb/Sr 0.33 0.13 0.14
Ba/Rb 9.6 7.9 7.6
La 19.8 16.9 19.5
Ce 41.7 35.8 41.0
Pr 4.88 4.10 4.64
Nd 19.5 17.1 19.0
Sm 3.97 3.60 3.86
Eu 1.16 1.14 1.19
Gd 3.43 3.35 3.40
Tb 0.57 0.54 0.53
Dy 3.40 3.15 3.02
Ho 0.74 0.65 0.61
Er 2.12 1.80 1.66
Tm 0.30 0.25 0.23
Yb 2.03 1.70 1.54
Lu 0.31 0.26 0.24
ZREE 103.9 90.3 100.4
Y 18.3 15.0 14.0
ZREE+Y 122.2 105.3 114.4
(La/Yb)N 6.6 6.7 8.6
Eu/Eu* 0.96 1.00 1.00
contd
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TABLE 4.7 Contd.
Archean 1) 
Shale 1:12) 2 :33)
Bi 0.1
B 65 ~ -
Th 6.3 4.6 5.2
U 1.6 1.2 1.3
Zr 120 130 144
Hf 3.5 3.0 3.2
Sn 3.5 - -
Nb 9.0 5.5 5.6
Mo 1.0 - -
W 1.0 - -
K/U 11,933 9 ,685 9 ,578
Th/U 3.9 3.8 4.0
Zr/Hf 34.3 43.3 45.0
Zr/Nb 13.3 23.6 25.7
La/Th 3. 1 3.7 3.8
Cr 350 190 158
V 135 175 150
Sc 20 23 19
Ni 200 110 92
Co 40 25 22
Cu 150 - -
Gel 15 - -
Cr/V 2.6 1.1 1.1
V/Ni 0.68 1.6 1.6
Ni/Co 5.0 4.4 4.2
La/Sc 1.0 0.73 1.0
Notes:
1. Ave rage Archean Shale (this study), major elements recalculated
volatile: free.
2. Mixture of average Archean mafic volcanic (Table 4.2) and
Archean tonalite-trondhjemite (Table 4.2) in the proportions
1:1.
3. Mixture of average Archean mafic volcanic and Archean tonalite- 
trondhjemite in the proportions 2:3.
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Figure 4.13 Comparison diagram of average Archean shale and average 
post-Archean clastic shale. Black field represents REE. The Archean 
average is depleted in many incompatible elements and enriched in 
many ferromagnesian elements (particularly Cr and Ni).
1 000
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Figure 4.14 Chondrite-normalized REE plots of the average post-Archean 
(PAAS) and Archean shales. Note the Archean shale average has lower 
total REE, (La/Yb)^ and no Eu-anomaly.
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purposes, it is assumed that differences less than about 20% are not 
significant. In terms of major elements, the average Archean shale is 
enriched in Na, Ca, Mg, Fe and depleted in K when compared to average 
post-Archean shales. In terms of trace elements, the average Archean 
shale is enriched in the ferromagnesian elements Cr, Ni and to a 
lesser extent Cu, Sc, Co and depleted in LIL-elements Th, U, Zr, Hf, 
Nb, Rb, Cs and REE (particularly LREE). The Archean composition is 
also richer in Sn (not well constrained value for either average) and 
lower in B, Ga(?) and Bi (not well constrained). A more complete 
discussion of trace element evolution in shales, throughout geological 
history will be given in Chapter 7.
Throughout this chapter, it has been argued that the chemical 
composition of Archean shales are best modelled by a two component 
system involving mafic volcanics and tonalite-trondhjemite 
compositions. It must be emphasized that the composition of Archean 
tonalites-trondhjemites and many Archean felsic volcanics cannot be 
distinguished for these mixing models. Estimation of precise mixing 
proportions is not well founded due to uncertainty in averages of both 
end members and the sedimentary compositions. On Table 4.6, 
compositions involving 1:1 and 2:3 mixtures of average Archean mafic 
volcanics and tonalite-trondhjemite (Table 4.2) are compared to the 
average Archean shale and can be compared to the regional Archean 
shale averages on Table 4.6. Considering the uncertainties, the 
comparison is excellent and it is likely that ’typical* or ’average’ 
Archean sedimentary rocks are derived from approximately these type of 
proportions.
The REE must be considered the most critical point of comparison. 
Although total REE are about 10-20% higher in the average Archean 
shale, (La/Yb)N compares extremely well. The model compositions also 
tend to underestimate the absolute abundances of other LIL-elements, 
however, the ratios La/Th, Th/U, Zr/Hf (and to a less satisfactory 
extent Zr/Nb) are predicted very well. The model compositions also 
predict high ferromagnesian content, although not the extremely high 
Cr and Ni content.
The model compositions also predict some major element 
characteristics quite well. For example the mixing compositions 
predict high Fe, Mg contents and the A1203/Ti02 ratio. The model
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compositions do not predict the abundances or inter-element ratios of 
the alkali and alkaline earth major (except Mg) and trace elements. 
It should be recalled that these are the most soluble and least 
dependable elements for making crustal estimates from sedimentary 
compositions (Fig 1.1; Chapter 2).
There is clearly excellent evidence for significant regional 
differences in 'average* shale compositions. This can be seen in a 
comparison of the model compositions in Table 4.7 and the regional 
shale averages in Table 4.6. The shale compositions from the Yilgarn 
Block and West Greenland are best modelled by a 1:1 mixture of mafic 
volcanic and tonalite-trondhjemite model compositions. This is 
particularly the case for REE abundances and (La/Yb)N ratios. the 
abundances of other LIL-elements (Th, U, Zr, Hf, Nb) also compare 
favourably. In contrast, the average shale compositions from South 
Africa and the Pilbara Block clearly require a greater felsic 
component to explain the REE abundances (especially (La/Yb)N). Mixing 
proportions of 2:3 and perhaps even up to 1:2 Archean mafic volcanics 
- tonalites-trondhjemites are called for.
In making these comparisons, a paradox is apparent. The average 
shales (from Table 4.6) with the highest (La/Yb)N and most abundant 
LIL-elements (e.g. South Africa, Pilbara), suggestive of a greater 
felsic component, also have the highest Cr and Ni abundances. A 
solution to this is to invoke a small ultramafic component in the 
mixing calculations or to have high-Mg basalts as the dominant mafic 
component. Both these lithologies tend to have very high Cr and Ni 
contents (e.g. Jolly, 1975). Alternatively, the average Cr and Ni 
abundances in the average mafic volcanic (Table 4.2) may be seriously 
underestimated. Danchin (1967) invoked ultramafic source rocks to 
explain the anomalous Cr and Ni in the Fig Tree shales. However, as 
pointed out in Section 3.3.3, such an explanation predicts MgO content 
in excess of 9%. The actual value is less than 7%. While ultramafic 
rocks do exist in the Pilbara Block, they form a relatively minor 
component and are only significant at the base of the sequence (see 
Table 3.1). The geochemistry of the volcanic rocks in the Pilbara are 
not well enough documented to comment further.
A high-Mg mafic volcanic rock as a source for Archean sedimentary 
rocks is also unsatisfactory. If such rocks provide 1/3 of the
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detritus (suggested by the South African average; Table 4.6), they 
would require at least 2400 ppm Cr and 1200 ppm Ni. These 
concentrations are excessively high.
It was noted in post-Archean shales that the ferromagnesian 
elements (Cr-V-Ni-Co) were enriched in shales by about 2-3 times when 
compared to upper crustal composition. If Archean shales are 
similarly enriched, this could explain the high Cr and Ni (see above). 
In post-Archean shales, all of the ferromagnesian trace elements, 
including V and Co were enriched by similar proportions. In the case 
of Archean shales, V and Co are only slightly enriched over the model 
composition (factors of about 1.2 and 1.3) while Cr and Ni are 
enriched by substantially more (factors of about 2.5). This subject 
requires further investigation. The ultimate reason for the 
anomalously high Cr and Ni content (even by Archean standards) of some 
Archean sequences and the overall average enrichment of these elements 
in Archean shales is not clear. A conservative suggestion is that 
mafic volcanics in source regions of Archean sedimentary rocks (and 
thus the average Archean upper crust) were enriched in Cr and Ni and 
this enrichment was magnified during sedimentary processes in a manner 
similar to post-Archean shales (see Chapter 2).
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CHAPTER 5
GEOCHEMISTRY OF EARLY PROTEROZOIC SEDIMENTARY ROCKS 
AND THE ARCHEAN-PROTEROZOIC BOUNDARY
5.1 INTRODUCTION
It is clear from the preceeding three chapters that there are 
some fundamental differences in the trace element composition of 
Archean and post-Archean fine-grained clastic sedimentary rocks. 
There is a considerable gap in the data presented thus far between the 
youngest Archean sample (ca. 2.7 Ae) and oldest Australian 
post-Archean samples (Mount Isa; ca. 1.5 Ae). Thus it is not 
immediately clear if the changes in composition are due to gradual or 
episodic processes. Among the trace elements, the most diagnostic 
differences are in the REE patterns, the abundances of Th, U and other 
LIL-elements, Cr, Ni and the ratios La/Sc, La/Th.
The trends for major element abundances in fine-grained clastic 
sedimentary rocks have been examined by a number of authors (e.g. 
Nanz, 1953; Ronov, 1964, 1968, 1972; Ronov and Migdisov, 1971; Van 
Moort, 1973; Engel et al., 1974; Veizer, 1973, 1979). Most agree 
that Archean shales tend to have higher Al(?), Fe, Na, Mg/Ca and lower 
Si, K and K/Na. Most have interpreted these changes to be gradual. 
There are too few samples in the present study to examine, properly, 
major element trends although the literature has been reviewed and 
findings are discussed in Chapter 7. In general, the major element 
composition of Archean fine-grained clastic sedimentary rocks from 
this study have been found to be extremely variable - perhaps more so 
than commonly assumed. In general, the Archean data are probably 
consistent with being richer in Mg, Fe and having lower K/Na ratios 
than their post-Archean counterparts. There is less certainty with 
regard to other major elements.
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Engel et al. (1974) noted a dramatic increase in K/Na ratios of 
sedimentary and igneous rocks at about 2.5 Ae and suggested some type 
of episodic crustal evolution. This line has also been advanced by 
Veizer and co-workers who noted dramatic changes in Sr-isotopic 
composition of carbonates (reflecting seawater) and in the nature of 
ore deposits at about this time (Veizer, 1976a,b, 1979; Veizer and 
Compston, 1976; Veizer and Jansen, 1979). A very important study, in 
the Canadian Shield, was conducted by McCulloch and Wasserburg (1978) 
who showed, on the basis of Nd-isotopic studies, that much of the rock 
exposed in the Churchill Province formed at about the same time as the 
Superior Province (2.7-2.5 Ae) - a possibility long recognized by 
geologists but never adequately demonstrated by geochronology. They 
noted that "it appears that the activity around the period 2.5-2.7 Ae 
is unique in geologic history and that some truly major periods of 
continental growth are sharply episodic" (McCulloch and Wasserburg,
1978; p.1011).
Accordingly, examination of the geochemistry of Early Proterozoic 
sedimentary rocks may prove fruitful to understanding the changes in 
composition of fine-grained sedimentary rocks and the continental 
crust. In this chapter, the geochemistry of three Early Proterozoic 
sedimentary successions - one from Canada and two from Australia - are 
considered. Data on the Canadian Huronian succession are taken from 
work previously completed by the present author (McLennan, 1977; 
McLennan et al., 1979a,b).
5.2 GEOCHEMISTRY OF MUDSTONES FROM THE HURONIAN SUCCESSION, CANADA
The Early Proterozoic (Aphebian) Huronian succession is exposed 
on the north shore of Lake Huron (Fig. 5.1). Huronian rocks lie 
unconformably on Archean granitic and volcanic rocks and attain a 
maximum thickness of some 12 km near Lake Huron. The succession thins 
to the north. The sequence consists of mainly clastic sedimentary 
rocks, including raixtites, conglomerates, sandstones, siltstones and 
mudstones. The Espanola Formation is the only major carbonate-bearing 
unit. A generalized stratigraphic column is also given in Figure 5.1. 
The age of the Huronian is reasonably well established and was 
deposited sometime between about 2.6-2.2 Ae (Van Schmus, 1965; 
Fairbairn et al., 1969; Gibbins and McNutt, 1975). The actual time 
of sedimentation may have been considerably shorter than this.
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There have been numerous sedimentological studies of various 
Huronian formations (e.g. McDowell, 1957; Pienaar, 1963; Hadley, 
1968; Young, 1968, 1973; Casshyap, 1971; Parviainen, 1973; Long, 
1976). All suggest the provenance of Huronian rocks was complex, 
involving granitic and volcano-sedimentary (greenstone) material from 
the Archean-aged Superior Province.
McLennan et al. (1979a) have reported findings on REE 
geochemistry of the major fine-grained sedimentary rock units in the 
Huronian (the Espanola Formation was described in a separate paper; 
McLennan et al., 1979b). A copy of this paper is presented in 
Appendix 8. This paper was written during the present tenure at the 
Research School of Earth Sciences, however it is emphasized that the 
analytical data were collected and many of the conclusions were
considered as part of a Master of Science degree at the University of 
Western Ontario (McLennan, 1977). The following represents a brief 
summary of the major findings.
Table 5.1 lists the average chemical composition for the
fine-grained sedimentary formations in the Huronian succession 
(McLennan, 1977; McLennan et al., 1979a,b). The Gowganda Formation 
is not considered in this brief summary due to its unusual chemical 
composition related to a glacial origin (see Young, 1969; McLennan et 
al., 1979a). The Espanola Formation is the only Huronian formation 
with abundant carbonate material (Young, 1973) and the data in Table 
5.1 are from the middle siltstone unit. This unit contains the least 
amount of carbonate (<15%) and is therefore most comparable to other 
Huronian mudstones. The Serpent Formation consists mainly of 
sandstone, however, samples analysed were of fine-grained material.
The average REE patterns for the various mudstone units are shown 
in stratigraphic order in Figure 5.2. A gradual change in REE
patterns from the base to the top of the sequence is obvious. REE
patterns at the base (McKim, Pecors Formations) have Archean-like REE 
patterns although (La/Yb)N ratios are somewhat higher than AAS (a, 
common feature also seen in Archean shales; see Chapters 3 and 4) and 
there is mild Eu-depletion. At the top of the section, the Gordon 
Lake Formation shows REE characteristics which are essentially 
indistinguishable from typical post-Archean shales. Although not 
displayed in the figure, the Espanola data are in agreement with such
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TABLE 5.1 Average chemical composition of Huronian fine-grained sedimentary rocks.
McKim
X
Formation 
s. d. n
Pecors Formation 
x s.d. n
Espanola Formation 
(siltstone member) 
x s .d. n
Serpent
X
Formation 
s. d. n
Gordon Lake 
Formation 
x s. d. n
Si02 59.60 2.98 8 61.06 3.95 13 52.95 7.36 4 72.30 . 2 69.03 8.52 7
Ti02 0.77 0.07 8 0. 76 0.12 13 0.45 0.05 4 0.46 - 2 0.39 0.09 7
A12°3 20.42 1.71 8 19.58 2.83 13 12.42 1.01 4 12.66 - 2 15.37 4.43 7
FeOT 6.14 1.19 8 6.42 1.21 13 4.13 0.56 4 3.49 - 2 3.24 1.25 7
MnO 0.06 0.01 8 0.06 0.02 13 0.13 0.06 4 0.02 - 2 0.02 0.01 7
MgO 2.20 0.36 8 2.73 0.32 13 5.46 1.70 4 1.41 - 2 1.61 0.62 7
CaO 0.72 0.39 8 0.68 0. 30 13 7.56 2.65 4 0.95 - 2 0.25 0.28 7
Na20 1.33 0. 44 8 1.59 0.58 13 1.44 0.63 4 1.75 - 2 1.30 1.07 7
k2° 3.79 0.87 8 3.55 0.87 13 3.17 0.74 4 4.16 - 2 4.96 2.48 7
P2°5 0.08 0.02 8 0.10 0.03 13 0.09 0.02 4 0.09 - 2 0.12 0.18 7
L.O.I. 4.31 1.07 8 4.01 0. 34 13 11.24 4.18 4 2.13 - 2 3.25 0.84 7
K20/Na20 3.2 1.2 8 2.6 1.4 13 3.0 2.4 4 3.7 - 2 23 34 7
Rb 147 43 8 139 34 13 142 29 4 - - - 201 92 7
Ba 830 199 8 838 298 13 1254 859 4 - - - 1037 533 7
Sr 160 82 8 146 88 13 83 24 4 - - - 25 15 7
Zr 152 39 8 186 25 13 129 46 4 - - - 284 96 7
Cr 161 50 8 163 46 13 103 43 4 - _ - 56 24 7
Ni 75 12 8 81 18 13 43 6 4 - - - 14 7 7
Cu 65 27 8 71 36 13 24 22 4 - - - 46 96 7
Zn 91 26 8 90 35 13 42 16 4 - - - 19 6 7
Li 37 17 8 35 16 13 52 6 4 - - - 19 7 7
Ga 26 3 8 24 4 13 18 3 4 - - - 7
La 29 15 5 36 20 7 28 8 4 33 27 3 49 23 6
Ce 67 27 5 82 39 7 60 17 4 77 57 3 115 43 6
Nd 29 9 5 34 13 7 24 7 4 30 21 3 51 20 6
Sm 5.7 1.4 5 6.5 2.1 7 4.3 1.3 4 5.4 3.4 3 9.3 3.6 6
Eu 1.5 0. 3 5 1.6 0.4 7 0.93 0.28 4 1.2 0.7 3 1.8 0.8 6
Gd 5.1 1.0 5 5.6 1.6 7 3.7 1.1 4 4.5 2.4 3 7.6 2.8 6
Dy 4.6 0.7 5 4.6 1.0 7 00ON 0.9 4 3.0 1.2 3 5.8 2.3 6
Er 2.7 0.5 5 2.8 0.6 7 1.5 0.4 4 1.9 0.8 3 3.9 1.6 6
Yb1J 2.4 0.5 5 2.6 0.6 7 1.3 0.3 4 1.8 0.8 3 3.8 1.7 6
I REE 157 55 5 187 78 7 134 38 4 167 119 3 263 99 6
LaN/YbN 8.9 5.9 5 10.3 7.0 7 14.5 1.0 4 12.3 5.8 3 9.4 4.5 6
Eu/Eu* 0.85 0.02 5 0.84 0.08 7 0.72 0.10 4 0.71 0.04 3 0.64 0.07 6
Y 27 4 8 27 5 13 16 8 4 - - - 52 15 7
Date sources: McLennan (1977); McLennan et al. (1979a, 1979b) 
1) - Yb values estimated from chondrite-normalized diagrams.
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an evolutionary change (Table 5.1).
These data have been interpreted in terms of a rapidly evolving 
upper crust at the end of the Archean (McLennan, 1977; McLennan et 
al., 1979a). It has been suggested that the change in REE patterns in 
the upper crust (represented by the sedimentary data) north of Lake 
Huron can be related to widespread potassic granitic magmatism of 
intracrustal origin which was endemic over much of the Canadian Shield 
at the end of the Archean (e.g. McCulloch and Wasserburg, 1978). The 
changing sedimentary REE patterns record the gradual unroofing and 
erosion of these Late Archean upper crustal additions.
The implications of the other geochemical data from these rocks 
(Table 5.1) have not been discussed previously in any detail. The Cr 
and Ni content of the lower Huronian formations (McKira, Pecors) are 
quite high (average Cr-160 ppm; Ni-75-ÖO ppm) compared to typical 
post-Archean shales (see Chapter 2). The abundances of these elements 
appear to decrease towards the top of the section with the Gordon Lake 
Formation (average Cr=56 ppm and Ni=l4 ppm). It is unlikely t-hat this, 
major change can be related solely to the higher Si02 content present 
in the Gordon Lake Formation, compared to the lower mudstone units, 
although this would have some effect. Thus these data would be 
consistent with a more mafic source for the lower compared to the 
upper Huronian sedimentary rocks. This would also be in agreement 
with the interpretation made on the basis of REE.
5.3 GEOCHEMISTRY OF SEDIMENTARY ROCKS FROM THE PINE CREEK GEOSYNCLINE 
5.3.1 Clastic Sedimentary Rocks
The discovery of major uranium deposits in Early Proterozoic 
rocks of the Pine Creek Geosyncline, Australia (Fig. 5.3) has 
prompted an intensive study of these rocks (Ferguson and Goleby 
(eds.), 1980). This succession of mainly sedimentary rocks (with 
minor volcanics) reaches a thickness of about 14 km. It has been 
divided into six groups which, in ascending order include (Needham et 
al., 1980):
1) Kakadu Group - ca. 1,000 m of fluviatile clastic sedimentary rocks 
(highly metamorphosed).
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2) Batchelor Group - ca. 1,500 m of recurrent fluviatile clastic
sedimentary rocks and carbonates.
3) Namoona Group - <3,500 m of shallow marine clastic and carbonate 
sedimentary rocks with minor volcanics.
4) Mount Partridge Group - ca. 5,000 m of fluviatile clastic
sedimentary rocks.
5) South Alligator Group - ca. 5,000 m of shallow marine chemical and 
clastic sedimentary rocks with minor volcanics.
6) Finniss River Group - ca. 1,500-5,000 m flysh-type clastic
sedimentary rocks, volcanics and volcanogenic sedimentary rocks.
These rocks rest unconformably on Archean basement and were 
deposited sometime between about 2.5-1.9 Ae with the most likely time 
of deposition at about 2.2-2.0 Ae (Page et al., 1980). Overall,
exposure is very poor and the stratigraphic framework is not tightly 
constrained (e.g. Walpole et al., 1968; Ferguson, 1980; Needham et 
al., 1980). Moreover, there has been very little sedimentological 
work done on these rocks and paleocurrent directions, provenance, etc. 
are not well known. This is in marked contrast to the Huronian rocks, 
described previously, where exposure is excellent and stratigraphy and 
origin are reasonably well documented. Thus, considerably more 
latitude is warranted in interpreting the Pine Creek Geosyncline data.
Samples representing each group, excluding only the highly 
metamorphosed Kakadu Group, were selected for mass spectrometric 
analyses only. Major element and other trace element data have been 
reported and discussed by Ferguson and Winer (1980). The results of 
this study were reported at the International Uranium Symposium on the 
Pine Creek Geosyncline, Sydney, 1979 (McLennan and Taylor, 1979a). 
The findings were also published in the proceedings of this conference 
(McLennan and Taylor, 1980c). A copy of this paper is presented in 
Appendix 8, and only a summary of the findings are given here.
For discussion, samples were divided into two stratigraphic 
groups with Group I from the lower part of the succession and Group II 
from the upper part. The criteria for subdivision was based solely on
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REE patterns. Group I includes fine-grained sedimentary rocks from 
the Namoona Group and lower Mount Partridge Group. Group II includes 
samples from the upper Mount Partridge, South Alligator and Finniss 
River Groups. The average composition of Group I and Group II samples 
are listed in Table 5.2 and chondrite normalized REE plots are shown 
in Figure 5.4.
REE patterns in Group I samples are similar to typical Archean 
sedimentary rocks, but have rather high (La/Yb)N (average 
(La/Yb)N = l4.5) . These samples are characterized by slight negative 
Eu-anomalies (Eu/Eu*=0.84) and are similar to samples found at the 
base of the Huronian succession (see above). Group II samples show 
REE patterns which are similar to typical post-Archean sedimentary 
rocks though some samples are even more depleted in Eu (average 
Eu/Eu* = 0.56) .
Although the pattern of evolution of sedimentary REE patterns is 
not as well defined for the Pine Creek Geosyncline as for the Huronian 
succession, this sequence does show a change in REE patterns from the 
base to top. Considering the uncertainties in stratigraphy and lack 
of sedimentological data, these findings are entirely consistent with 
the pattern of evolution of sedimentary REE patterns seen in the 
Huronian.
In the case of the Huronian sequence, McLennan et al. (1979a) 
related the changes in sedimentary REE patterns to the widespread 
emplacement of K-rich granitic rocks at the end of the Archean 
(Kenoran orogeny in Canada). Comparable igneous activity is preserved 
in the Pine Creek Geosyncline with the Rum Jungle, Waterhouse and 
Nanambu Complexes (Page et al., 1980; Ferguson et al., 1980; 
McLennan and Taylor, 1980c). The change in REE patterns in the Early 
Proterozoic sequence would represent the unroofing and excavation of 
the granitic bodies and incorporation of this granitic detritus into 
the sedimentary sequence.
The major element content of the two groups differ considerably 
(Table 5.2). For example the average Si02 contents of Group I and II 
are 57.98 % and 75.58% respectively. Thus it is difficult to interpret 
differences in absolute abundances of the trace elements. There is 
however an increase in the content of LIL elements and decrease in
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TABLE 5.2 Average chemical composition of Pine Creek Geosyncline fine- grained sedimentary rocks.
Lower Pine Creek Upper Pine Creek
Geosyncline Geosyncline
(Group i) (Group II) (Group I) (Group II)
(n = 4) (n = 5)
X s. d. X s. d. X s. d. X s. d.
Si02 57.98 2.58 75.58 6.75
Ti02 0.77 0.08 0.36 0.10
A12°3 20.22 1.23 11.95 4.20
FeO 6.57 1.55 3.04 0.79
MnO 0.04 0.03 0.03 0.01
MgO 2.45 0. 36 1.21 0.64
CaO 0.12 0.10 0.29 0.40
Na20 0.44 0.33 0.91 1.16 Th 14 2 17 14
k2° 4.89 0.97 3.74 1.50 U 4.1 1.4 4.3 3.8
P2°5 0.08 0.05 0.08 0.04 Zr 95 33 166 36
L.O.I. 5.14 1.42 1.24 1.44 Hf 3.6 2.2 5.6 0.8
K20/Na20 21 17 28 28 sn 4.1 1.6 5.7 4.2
Nb 15 3 13 7
Cs 7.4 2.5 6.2 5.2 Mo 0.4 0.4 * -
Rb 128 84 151 82 w 0.49 0.27 0.49 0.56
Ba 992 228 524 138 Th/U 3.6 0.9 4.3 1.0
Sr 53 32 59 47 Zr/Hf 28.6 6.6 29.7 4.3
Pb 42 57 13 10 Zr/Nb 6.1 1.5 16.7 9.1
La/Th 2.5 0.8 2.9 0.9
La 34 6 42 19
Ce 70 12 86 39 V 12 3 51 55 23
Pr 8. 3 1.5 9.2 4. 3 Sc 21 4 10 3
Nd 31 5.6 34 16 Ni 52 21 12 4
Sm 5.3 0.8 6.5 2.8 Co 25 9 8 2
Eu 1.2 0.2 0.99 0.28 Cu 15 19 16 23
Gd 3.5 0.7 5.1 2.4 Ga 25 2 15 6
Tb 0. 59 0.09 0.81 0.40 V/Ni 2.6 1.0 4.7 1.8
Dy 3.5 0.8 4.5 2.0 Ni/Co 2.1 0.7 1.5 0.6
Ho 0.69 0.18 0.94 0.45 La/Sc 1.7 0.1 4.4 2.4
Er 1.8 0.4 2.6 1.4
Yb 1.7 0. 4 2.4 1. 3 Bi 0.25 0.25 0.11 0.11
Zree 162.0 25.8 195.8 89.2
Y 20 8 24 14
L3N/YbN 14.5 4.0 12.3 2.6
Eu/Eu* 0.84 0.08 0.56 0.08
Data sources: Ferguson and Winer (1980); McLennan and Taylor (1980c).
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ferromagnesian elements towards the top of the section. There is no 
observable difference in La/Th within the uncertainties, however La/Sc 
is much lower in Group I (average La/Sc=1.7) than in Group II (average 
La/Sc=4.4). These features are suggestive of the lower part of the 
Pine Creek Geosyncline (Group I) being derived from a more mafic 
source than the upper part (Group II) and are in general agreement 
with the REE data.
5-3.2 REE Mobility and Uranium Mineralization
The Pine Creek Geosyncline is probably best known for its immense 
uranium deposits (e.g. Needham et al., 1980; Needham and Roarty, 
1980; Hegge et al., 1980). Most of these deposits appear to be 
within the Cahill Formation of the Namoona Group (Needham and 
Stuart-Smith, 1976). During the course of this study, several 
analyses were made on this unit and found to have unusual REE 
distributions which suggested REE movement related to secondary 
processes. Since REE mobility is relatively uncommon (see Appendix 1) 
and of small magnitude when observed, this phenomenon was followed up 
in some detail. The results of these findings, particularly 
emphasizing implications for uranium mineralization, are also recorded 
in McLennan and Taylor (1980c; Appendix A8). A second paper 
emphasizing the nature of and controls on the REE mobility has also 
been published (McLennan and Taylor, 1979b) and a copy of this paper 
is also found in Appendix A8.
Uranium mineralization in the Cahill Formation generally occurs 
in breccia matrix and vugs in carbonaceous metasedimentary rocks 
(probably originally carbonate-bearing). Chlorite, as an alteration 
product, is ubiquitous. Mineralization probably occurred sometime 
between about 1.8-1.6 Ae.
Figure 5.5 displays PAAS-normalized REE plots of the U-rich 
Cahill samples along with the lowest U-bearing (U=1.4 ppm) sample 
(PCG132). Also plotted is an impure uraninite sample. It can be seen 
that there is a dramatic increase in total REE (particularly HREE) and 
decrease in (La/Yb)N with alteration. The magnitude of REE mobility 
can be related to U content (Fig. 5.6). On the basis of known REE 
chemistry (e.g. Kosterin, 1959), field relations, fluid inclusion 
studies and geochemistry, the REE mobility appears to be due to
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Figure 5.5 PAAS-normalized REE patterns for uranium-rich samples from
the Cahill Formation. Unmineralized sample PCG132 shown for comparison. 
These data indicate extreme REE mobility related to U-mineralization.
Figure 5.6 Plot of U versus La/Yb for metasedimentary rocks from the 
Cahill Formation. The negative correlation, over several orders of 
magnitude on each axis, suggests that the REE mobility is related 
to the intensity of U-mineralization.
124.
transport, with U, as carbonate complexes. The solutions would be 
alkaline, oxidizing and of low temperature (McLennan and Taylor, 
1979a,b, 1980c).
5.4 GEOCHEMISTRY OF SEDIMENTARY ROCKS FROM THE HAMERSLEY BASIN 
5.4.1 Introduction and General Geology
The final Early Proterozoic sequence to be examined^ the Mount 
Bruce Supergroup and Wyloo Group exposed in the Hamersley Basin of 
Western Australia (Fig. 5.7). This sequence has been well described 
by several workers (e.g. Trendall and Blockley, 1970; Trendall, 
1976, 1979; Button, 1976). Also considered is the Nabberu Basin, 
approximately 150-200 km south and southeast of the Hamersley Basin 
and possibly correlative with it (Bunting et al., 1977; Hall et al., 
1977; Hall and Goode, 1978).
The Hamersley Basin is an ovoid intracratonic depositional basin 
formed on an Archean granitic and volcano-sedimentary basement. It 
was developed over a minimum area of 150,000 km and attains a 
maximum thickness of some 15 km or more (see Trendall, 1976; Button, 
1976 for reviews). Although best known for the extensive banded 
iron-formations developed in the Hamersley Group (Trendall and 
Blockley, 1970), the Mount Bruce Supergroup and Wyloo Group consist of 
mainly clastic sedimentary rocks and volcanics (Table 5.3). Recently, 
the stratigraphic framework was extensively revised (Trendall, 1979) 
and the stratigraphy shown in Table 5.3 represents the most recent 
interpretation.
The lowest Fortescue Group consists mainly of mafic volcanics and 
pyroclastics. A major clastic unit, the Hardey Sandstone, is found 
near the base of the Fortescue Group, overlying the Mount Roe Basalt. 
The Mount Roe Basalt is commonly absent and the Hardey Sandstone 
commonly lies directly on Archean basement. The Hardey Sandstone 
consists mainly of sandstones, generally poorly sorted and commonly 
(trough) cross-bedded. An alluvial fan origin has been suggested 
(Button, 1975). Minor amounts of conglomerate, shale, volcanics and 
pyroclastics also occur. Geochemistry of a major shale unit suggests 
fresh water origin (Hickman and de Laeter, 1977).
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The Hamersley Group conformably overlies the Fortescue Group and 
consists of alternating units (at many scales) of banded 
iron-formations and shale with a sequence of volcanics developed near 
the top. Carbonate-rich units (Wittenoom Dolomite, part of Mount 
McRae Shale) are common, mainly at the base. The sedimentology of the 
clastic and carbonate units has not been examined in any detail. Of 
particular interest, however, is the strong evidence for a 
volcanogenic (pyroclastic) contribution to the lower shale units. 
There is direct evidence of pyroclastic contributions to the Mount 
McRae Shale (MacDonald and Grubb, 1971), Wittenoom Dolomite (Button, 
1975) and shales within iron-formations in the Brockman Iron Formation 
(Dales Gorge, Joffre Members) (LaBerge, 1966; MacDonald and Grubb, 
1971). Other shale units have not been studied in detail and it is 
not known if they have a direct volcanic contribution.
Conformably overlying the Hamersley Group is the Turee Creek 
Group (Trendall, 1979) which consists of shale, sandstone, quartzite, 
carbonate and conglomerate. The top of the supergroup is marked by an 
unnamed quartzite unit which unconformably overlies the Turee Creek 
Group.
Unconformably overlying the Mount Bruce Supergroup is the Wyloo 
Group. This group comprises a complex sequence of clastic and 
carbonate sedimentary rocks and volcanics. Near the top is the thick 
Ashburton Formation which is mainly a monotonous sequence of shale and 
greywacke.
The age of the Hamersley Group is now well established. Zircons 
taken from the Woongarra Volcanics and (tuffaceous?) shales of the 
Dales Gorge Member (Brockman Iron formation) give precise U-Pb ages of 
2.47 and 2.49 Ae, respectively (W.Compston, pers. comm.). These are 
almost certainly crystallization dates. Model Pb-Pb ages of 2.6-2.7 
Ae have been determined on galenas in quartz veins cutting the 
Fortescue Group (Richards, 1977; Richards et al., 1981) and a model 
dependant Rb-Sr age of 2.68 Ae was determined on shales from the 
Hardey Sandstone (Hickman and de Laeter, 1977). A minimum age on the 
Wyloo Group is about 1.7 Ae, based on Rb-Sr ages of cross-cutting 
granites.
The Nabberu Supergroup (Hall and Goode, 1978) was deposited in
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the Nabberu Basin, some 150-200 km southeast of the Hamersley Basin, 
on the northern margin of the Archean Yilgarn Block (Fig. 5.7). The 
sequence consists of up to 6,000 m of clastic and carbonate 
sedimentary rocks and iron-formations. The lowermost Yelma Formation 
(ca. 130 m) of the Earaheedy Group (Hall et al., 1977), is exposed on 
the east side of the basin and consists of sandstone and minor 
conglomerate, siltstone and iron-formation (Hall et al., 1977; Hall 
and Goode, 1978). There is some dispute regarding the age of these 
rocks on the basis of lithological similarity (also in dispute) some 
workers have correlated these rockswith the Hamersley Group of the 
Mount Bruce Supergroup (see Hall et al., 1977; Hall and Goode, 1978; 
Button, 1976; Bunting et al., 1977). Glauconite from the Yelma 
Formation and Wandiwarra Formation have given K-Ar and Rb-Sr ages of 
about 1.6-1.7 Ae (Preiss et al., 1975; Horwitz, 1975; Bunting et 
al., 1976), although the interpretation of these ages has been 
disputed. A young age for the Nabberu Basin has received support from 
1.7 Ae model Pb ages on galenas taken from limestones in the Frere 
Formation (J.Richards, pers. comm.).
5.4.2 Samples and Analyses
Nine samples of shale, including some carbonate-rich and 
iron-rich samples, were taken from the Mount Bruce Supergroup, 
representing each group. The Hardey Sandstone, the lowermost clastic 
unit, was emphasized. A further two samples, a greywacke and 
siltstone, were analysed from the Ashburton Formation of the Wyloo 
Group. Finally, two shales were analysed from the Yelma Formation, 
the lowest unit of the Nabberu Supergroup. Sample locations and 
petrographical details are given in Appendix 3. Geochemical results 
are given in Table 5.4.
5.4.3 Results and Discussion
5.4.3a Fortescue Group - Hardey Sandstone
REE plots for shale samples from the Hardey Sandstone are given 
in Figure 5.8 and 5.9. All samples are fairly similar with regard to 
(La/Yb)N but can be divided into two groups on the basis of 
Eu-anomalies, samples 54940 and 54941 have only slight negative 
Eu-anomalies while the other samples are characterized by negative
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Figure 5.9 REE plots of shales from the Hardey Sandstone, showing 
significant negative Eu-anomalies. These samples are very similar 
to typical post-Archean shales.
HAMERSLEY GROUP
54947
54951
54949
Sm Eu Gd Tb Dy Ho ErLa Ce Pr Nd
Figure 5.10 REE plots of shales from the Hamersley Group. These 
samples show many features ascribed to Archean shales, however, 
abundant evidence for a volcanoclastic contribution suggests these 
patterns may not be representative of the penecontemporaneous upper 
crust.
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Eu-anomalies comparable to typical post-Archean sedimentary rocks. 
Samples 54940 and 54941 also have higher Si, Fe, La/Th, possibly Co, 
V/Ni, La/Sc and lower Mg, Cs, Cr, Ni, Cr/V, Ni/Co, B. The 
significance of these differences is difficult to interpret on the 
basis of so few samples. Precise stratigraphic control is not 
available but examination of geological maps suggests samples 54940 
and 54941 may come from lower stratigraphic levels than the other 
samples.
Based on so few samples it is not clear if there is an evolution 
towards greater negative Eu-anomalies in the Hardey Sandstone. A more 
detailed investigation is clearly warranted. On the other hand, it is 
clear that REE patterns identical to typical post-Archean sedimentary 
rocks are present in the lowermost clastic unit of the Mount Bruce 
Supergroup.
The abundances of Th, U and the Th/U ratio of these samples are 
fairly typical of post-Archean shales. On the other hand, Cr and Ni 
are anomalously high, and some samples (e.g. 54939, 54943) are 
similar to high Cr and Ni Archean shales (see Chapter 4).
Hickman and de Laeter (1977) examined the B-Ga-Rb relations of 
shales from the Hardey Sandstone and concluded these rocks were 
deposited in a fresh water environment. The low B content (13-28 ppm) 
and B-Ga-V relations seen in the samples examined in this study are 
consistent with such an interpretation.
5.4.3b Hamersley Group
REE plots of samples from the Hamersley Group are given in Figure 
5.10. One sample was taken from each of the Wittenoom Dolomite 
(54949), Mount McRae Shale (54947) and Whaleback Shale Member of the 
Brockman Iron Formation (54951). All samples have low total REE (and 
54949 has very low total REE=17 ppm), low (La/Yb)N and no significant 
negative Eu-anomaly. These patterns are more typical of Archean 
shales (see Chapter 4).
A reversal in the REE evolution, towards Archean-like patterns, 
was noted in the Early Proterozoic Huronian succession with the 
Gowganda Formation (McLennan et al., 1979a). In that case, the
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reversal was attributed to the glacial origin of the Gowganda 
Formation, which was of continental origin (Young, 1970). It was 
suggested that these rocks sampled a more distant provenance, than 
other Huronian sedimentary rocks and one which had not experienced any 
significant post-Archean erosion. A similar explanation could be 
conceived for these samples. For example, if there was a severe shift 
in the direction of paleocurrents, one could argue that a different 
area, which had not experienced severe post-Archean erosion, acted as 
provenance for these samples. Considering the complete lack of 
sedimentological data, such an interpretation is obviously ad hoc.
A considerably more viable suggestion is that these rocks were 
primarily derived from a direct volcanogenic source. As pointed out 
earlier, there is a good deal of evidence for widespread pyroclastic 
activity in shales from the lower part of the Hamersley Group. The 
REE patterns displayed in Figure 5.10 could be consistent with 
derivation from a volcanic source, such as calc-alkaline or 
continental volcanics. Examination of the geochemistry of the Early 
Proterozoic volcanic rocks deposited in the Hamersley Basin would be 
required to test this suggestion. Major and other trace element 
geochemistry of these three samples are too variable, due to admixture 
of carbonate and iron-formation, to obtain any significant 
information.
5.4.3c Turee Creek Group
The REE pattern of the one sample from this group (54944) is 
displayed on Figure 5.11. Except for rather high total REE (401 ppm) 
the sample is very similar to typical post-Archean shales (Chapter 2) 
particularly with regard to the Eu-anomaly. The other major and trace 
element geochemistry reveals no serious anomalies when compared to 
typical post-Archean sedimentary rocks, although La/Th, La/Sc are 
rather high and Th/U is somewhat low.
5.4.3d Wyloo Group - Ashburton Formation
REE patterns for the two samples from the Ashburton Formation 
(R2098-siltstone; R2100-greywacke) are also plotted on Figure 5.11. 
Both samples show REE characteristics typical of post-Archean 
sedimentary rocks. All other geochemical attributes are typical of
1 3 4 .
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post-Archean sedimentary rocks although La/Sc ratios (7.8, 5.0) are 
high, compared to post-Archean shales.
5.4.3e Earaheedy Group - Yelma Formation
REE patterns of shale samples from the Yelma Formation, at the 
base of the Earaheedy Group in the Nabberu Basin, are plotted in 
Figure 5.12. Once again, the patterns are typical of post-Archean 
shales. Other geochemical characteristics are fairly typical of 
post-Archean shales although Th/U ratios are high (Th/U=10.0 and 7.6 
for samples 42877 and 46436, respectively). Nickel values are very 
low (V/Ni>3; Cr/Ni>7).
5.4.4 Crustal Evolution
In both the Huronian and Pine Creek successions, a transition 
from Archean-like to post-Archean-like REE patterns was observed in 
the sedimentary rocks. Sedimentary rocks of Proterozoic successions 
in the Hamersley and Nabberu Basins appear to be characterized by 
post-Archean REE patterns and v/ar.abie geochemical signatures. A 
possible 'evolution' of REE patterns may exist in the lowest 
sedimentary formation (Hardey Sandstone), but considerably more 
documentation is required. Sedimentary rocks of the lower Hamersley 
Group have Archean-like REE patterns but this is more likely 
reflecting first-cycle locally derived pyroclastic and volcanogenic 
material rather then reflecting upper crustal abundances.
In the other examples, the cause of change was related to the 
large scale K-rich granite magmatism which was common during the Late 
Archean and characterized by high total REE, (La/Yb)N and negative 
Eu-anoraalies. In the case of Western Australia, such rocks are also 
common and preserved in suites such as the Mungari Granite near 
Kalgoorlie (Oversby, 1975; Nance and Taylor, 1976) and in late stage 
granites and adamellites in the Pilbara Block (Hickman et al., 1980). 
Few REE data are available on these rocks but the pattern for the 
Mungari Granite in the Yilgarn Block is consistent with the above 
suggestions (Nance and Taylor, 1977).
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5.5 GENERAL DISCUSSION
In all three Early Proterozoic successions examined, the REE and 
other geochemical data were consistent with an episodic change in the 
sedimentary REE patterns and other trace element signatures at the 
Archean-Proterozoic boundary. This in turn almost certainly reflects 
a change in upper crustal composition (see Chapters M and 7). Such a 
change can best be correlated to the widespread potassic granite 
magmatism which was common at the end of the Archean (e.g. McCulloch 
and Wasserburg, 1978). Such rocks commonly have high total REE, 
(La/Yb)N and significant negative Eu-anomalies.
These arguments are further developed and documented in the two 
previously described papers found in Appendix 8 (McLennan et al., 
1979a; McLennan and Taylor, 1980c). A further paper (Taylor and 
McLennan, 198Id) has been prepared, which reviews the geochemistry of 
Early Proterozoic sedimentary rocks in relation to crustal evolution. 
This paper has been submitted to the proceedings of the Proterozoic 
Symposium, University of Wisconsin, May, 1981. A copy of this paper 
is also found in Appendix 8.
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CHAPTER 6
GEOCHEMICAL EVOLUTION OF ARCHEAN SEDIMENTARY ROCKS 
FROM SOUTH AFRICA
6.1 INTRODUCTION
To this point, the differences between the chemical composition 
of Archean and post-Archean fine-grained sedimentary rocks have been 
emphasized. In the preceeding chapter, a case was argued that the 
widespread potassic granite magmatism, at the end of the Archean, was 
responsible. On most continents, this massive acidic igneous activity 
marks the end of the Archean and thus defines the Archean-Proterozoic 
boundary, usually at about 2.6-2.5 Ae. An important exception to this 
is in South Africa. In this region, the widespread potassic granite 
magmatism was initiated much earlier, at about 3.2 Ae (e.g. Hunter, 
1974; Cloud, 1976; Truswell, 1977; Young, 1978; Anhaeusser and 
Robb, 1980) and continued, becoming increasingly potassic, through to 
about 2.6-2.5 Ae (see recent review by Anhaeusser and Robb, 1980).
Thus, the South African example provides a possible test for the 
models of trace element (particularly REE) evolution in sedimentary 
rocks discussed in the previous chapters. Since the K-rich granite 
magmatism occurred much earlier in the Archean of South Africa, then 
the change in REE patterns and other geochemical characteristics 
should also occur earlier. For example, the Pongola Supergroup (ca. 
3.0 Ae) was deposited well after the initiation of the K-rich granite 
intrusions and might be expected to show many characteristics 
identified with post-Archean sedimentary rocks, including higher total 
REE, (La/Yb)N, Th, U, La/Sc and lower Eu/Eu*, La/Th, Cr, Ni.
In this chapter, the chemical composition of shales from three 
Archean sedimentary sequences, including in ascending order, the Fig
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Tree Group, Moodies Group and Pongola Supergroup, are examined. The 
Witwatersrand System, the next youngest Archean sedimentary sequence, 
is also considered to a lesser extent.
Of the sequences examined, only the Fig Tree Group has received 
attention from geochemists (Danchin, 1967; Condie et al., 1970; 
Wildeman and Condie, 1973)- Except for the work of Danchin (1967), 
these studies emphasized the Fig Tree greywackes. Thus, with the 
additional shale data collected in this study, these two sedimentary 
lithologies from the same sequence may be compared (see Section 
3.3.2).
6.2 GENERAL GEOLOGY 
6.2.1 Fig Tree Group
The Fig Tree Group, part of the Swaziland Supergroup, is 
preserved in the Barberton Mountain Land, Kaapvaal Craton, South 
Africa and Swaziland. The Fig Tree Group conformably overlies the 
Onverwacht Group which is a sequence (up to >15 km) of ultramafic and 
mafic lavas with lesser amounts of intermediate and acid volcanics, 
pyroclastics and sedimentary rocks. The Fig Tree Group comprises some 
2,000 m or more of dominantly clastic sedimentary rocks. It has been 
divided into three formations (Condie et al., 1970). The lowest Sheba 
Formation (ca. 700-1,000 m) comprises greywacke with minor shale and 
banded iron-formation. The overlying Belvue Road Formation (ca. 
600-1,000 m) consists of interbedded greywacke, siltstone, chert, 
banded iron-formation with local accumulation of pyroclastics. The 
uppermost Schoongezicht Formation (200-600 m) consists mainly of 
pyroclastics, volcanics, conglomerate and greywacke. Sedimentary 
rocks of the Fig Tree Group have been interpreted as turbidites 
(Eriksson, 1980c) deposited as midfan channel deposits (Sheba) and 
lower fan - basin plain and basin slope deposits (Belvue Road). The 
coarse sedimentary rocks of the Schoongezicht Formation have been 
interpreted as feeder channels incised into slope sediments.
In geochemical studies of Fig Tree greywackes by Condie and 
co-workers (Condie et al., 1970; Wildeman and Condie, 1973) secular 
trends have been noted with stratigraphic height. Important among 
these are increases in K/Na, total REE, (La/Yb)N (as well as granitic
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detritus) and decreases in Si, Ni with stratigraphic height. These 
have been interpreted as being a result of the unroofing of granitic 
plutons and increasing importance of these rocks in the Fig Tree Group 
with time. This trend has also been confirmed by other petrographical 
studies (cf. Eriksson, 1980a).
6.2.2 Moodies Group
The Moodies Group generally conformably overlies the Fig Tree 
Group but in some places lies directly on the Onverwacht Group. The 
Fig Tree Group becomes coarser as it grades up into the Moodies Group 
with the lat-fcer comprising some 1,500-3,600 m of more mature 
sandstones, siltstones, shales and conglomerates. These rocks 
represent a variety of sedimentary facies and were deposited in 
alluvial and marginal marine environments (e.g. Eriksson, 1977, 1978, 
1979, 1980a).
Detailed geochemical studies have not been completed on Moodies 
sedimentary rocks. Petrographic studies point to an increased 
importance of granitic rock fragments and K-feldspar and decreased 
importance of volcanic rock fragments when compared to the Fig Tree 
Group (Condie et al., 1970; Eriksson, 1980a). This has been cited as 
evidence for an increased importance of sialic rocks, including K-rich 
granites, in the source of the Moodies Group (Eriksson, 1980a). If 
these differences are significant, they should also be reflected in 
the geochemistry.
6.2.3 Pongola Supergroup
The Pongola Supergroup is preserved south of the Barberton 
Mountain Land, in southern Swaziland, eastern Transvaal and Natal (von 
Brunn and Hobday, 1976; Truswell, 1977; von Brunn and Mason, 1977; 
Watchorn, 1980; Watchorn and Armstrong, 1980). The lower Insuzi (or 
Nsuzi) Group (up to >4,000 m) consists of alternating mafic to felsic 
volcanics, volcanoclastics and quartzose sandstone with lesser 
conglomerate and shale. Sedimentary rocks are thought to be deposited 
by braided streams and derived from a granite-greenstone terrain with 
contributions from penecontemporaneous volcanics (Watchorn and 
Armstrong, 1980). The Insuzi Group generally rests unconformably on 
Archean crystalline basement, but is clearly younger than the
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Swaziland Supergroup (see below).
Disconformably to unconformably overlying the Insuzi Group is the 
Mozaan Group. This group (ca. 3,000 ra) consists of alternating 
quartzose sandstones and argillaceous rocks and was deposited in 
fluvial-tidal environments (Watchorn, 1980).
6.2.4 Witwatersrand Series
The Witwatersrand Series is the next sedimentary succession that 
is preserved after the Pongola. It is found north-west of the Pongola 
Supergroup (see Truswell, 1977 for summaries) and consists of some 
7,000 m or more of quartzite, conglomerate and shale.
6.2.5 Age Relations
Volcanic rocks of the Onverwacht Group have been dated at 3.54 Ae 
by the Sm-Nd technique (Hamilton et al., 1979). The minimum age of 
the Swaziland Supergroup sedimentary rocks is not well constrained but 
is certainly older than the ca. 3.1 Ae Lochiel granite (Allsopp et 
al., 1962). The Pongola Supergroup is younger than the Swaziland 
Supergroup with zircons from Insuzi volcanics yielding a U-Pb age of 
3.09 Ae (Burger and Coertze, 1973). Igneous rocks cutting the Pongola 
Supergroup have been dated at about 2.9 Ae (Davies et al., 1970). The 
Witwatersrand Series is younger than the Pongola and lavas in the 
basal part of the section yield ages of about 2.8 Ae. Lavas from the 
overlying Ventersdorp sequence are about 2.3 Ae (see Pretorius, 1976 
for summary).
6.2.6 Granite Magmatism
An excellent review of granitic magmatism in the region around 
the Barberton Mountain Land (eastern Transvaal and Swaziland) has been 
prepared by Anhaeusser and Robb (1980). These authors have divided 
granitic and related activity into three magmatic cycles which 
operated over approximately 1,000 million years from about 3*55-2.5 
Ae. The first magmatic cycle probably commenced at about the same 
time as Onverwacht volcanism (ca. 3.55 Ae) and consisted of Na-rich 
tonalites, trondhjemites and bimodal (Na-rich granites - amphibolites) 
gneiss complexes (e.g. Ancient Gneiss Complex). The geochemistry of
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these rocks has been investigated by several workers (Condie and 
Hunter, 1976; Glikson, 1976; Hunter et al., 1978). Rocks associated 
with this cycle were emplaced episodically for up to about 600 million 
years. The controversy over the relationship between the earliest 
granitic rocks and Onverwacht volcanics and thus the nature of the 
earliest crust (ie.- granitic or mafic) remains.
The second magmatic cycle occurred between about 3.2-2.9 Ae and 
consisted of K-rich granitic batholiths, migmatites and gneisses. The 
chemistry of these rocks has also been investigated (Condie and 
Hunter, 1976; Glikson, 1976) and REE patterns of these granites 
commonly possess strong negative Eu-anomalies. The importance of 
these rocks has been emphasized as follows: "In view of the large 
volumes of magma which it generated, the second magmatic cycle is 
considered to represent the main event contributing to cratonization 
of the early continental masses..." (Anhaeusser and Robb, 1980, p.7).
The third and final magmatic cycle occurred between about 2.9-2.5 
Ae. This cycle is of lesser importance (volumetrically) and consists 
mainly of K-rich granitic plutons with one Na-rich pluton. These 
rocks tend to have fairly high 87Sr/86Sr initial ratios and were 
probably derived from pre-existing sialic crust. The geochemistry of 
these rocks was examined by Condie and Hunter (1976).
Figure 6.1 summarizes the stratigraphy and age relations of the 
various units discussed in this section.
6.3 SAMPLES AND RESULTS
A total of 17 samples of fine-grained sedimentary rocks were 
selected for examination. These included 4 from the Fig Tree Group, 5 
Moodies Group, 2 Insuzi Group and 3 Mozaan Group. One quartzite 
sample from the Witwatersrand System and two post-Archean fine-grained 
sedimentary rocks from the Nama Group, southwestern Africa were also 
included. Sample descriptions and field locations are listed in 
Appendix 3* Four further analyses were taken from the literature to 
supplement these data (Condie et al., 1970; Wildeman and Condie, 
1973; Hawkesworth et al., 1981). The results of the geochemical 
analyses are listed on Table 6.1.
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6.4 POST-ARCHEAN SEDIMENTARY ROCKS
The trace element geochemistry of post-Archean sedimentary rocks 
was examined in Chapter 2. Although considerable variability was 
present for the major and many of the trace elements, there were some 
very consistent interelement relationships for almost all samples. 
This was particularly apparent for the REE. In Figure 6.2, three REE 
patterns for averages or composites of post-Archean shales from widely 
separated areas are plotted and compared to the average Archean shale 
from the Yilgarn Block, Western Australia. Although widely separated 
geographically, the three post-Archean REE patterns are remarkably 
similar and argue for a reasonably uniform upper crustal composition 
worldwide.
It would be unlikely that South African post-Archean sedimentary 
rocks would have very different REE geochemistry, but few analyses are 
available to prove this. Two samples from the Late Precambrian Nama 
Group from southwest Africa (see Truswell, 1977) were analysed and 
chondrite-normalized REE patterns are shown on Figure 6.3. Also 
shown, for comparison, is a late Precambrian (700-800 million year) 
metasedimentary rock from the Kuiseb schist, Damara Belt, Namibia 
(Hawkesworth et al., 1981). All samples are characterized by LREE 
enrichment, flat HREE and negative Eu-anomalies (Eu/Eu*=0.62-0.72). 
The relatively low total REE abundances seen in NS60 is probably due 
to dilution quartz (e.g. Si02=79.22%). There are not enough 
data to characterize other trace element patterns but NK22 and NS60 
have fairly high Th abundances and Th/U ratios.
These three samples cannot, by any means, be considered as 
representative of post-Archean sedimentary rocks in southern Africa. 
On the other hand, the typical post-Archean REE patterns displayed by 
them, coupled with the well documented uniformity of post-Archean 
sedimentary rocks from many other widely dispersed areas (see Chapter 
3, Appendix 1) adds support to the suggestion that the post-Archean 
upper crust in southern Africa is not anomalous.
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Figure 6.2 Chondrite-normalized REE plots of various composite and 
average post-Archean shales (ES - European shale; PAAS - post- 
Archean Average Australian shale; NASC - North American shale 
composite; see Appendix 1 for sources). Average Archean shale 
from the Yilgarn Block (AAS) shown for comparison. Although data 
are limited, it is unlikely that post-Archean shales from southern 
Africa differ considerably from these.
1 000
NK22
NS60
KH24
SOUTH-WEST AFRICA POST-ARCHEAN
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er
Figure 6.3 REE plots of Late Precambrian sedimentary rocks from 
southwest Africa. These patterns are indistinguishable from 
typical post-Archean shales from around the world (cf. Fig. 6.2).
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6.5 ARCHEAN SEDIMENTARY ROCKS 
6.5.1 Fig Tree Group Shales 
6.5.1a Major elements
The abundances of the major elements are highly variable, 
particularly for Si02 (50.2-74.5%) and CaO (0.13-7.2%). The variable 
CaO is partly due to the occasional presence of minor carbonate. The 
samples are also characterized by fairly high Mg and Fe contents. The 
ratio of K20/Na20 is typically about 2. There are no apparent 
relationships between major element and trace element composition 
although sample 79NC94, with the highest Si02 content (74.5%) has the 
lowest abundance of many of the trace elements (e.g. total REE, LIL, 
ferromagnesian elements). This is probably due to dilution with 
quartz.
6.5.1b REE
REE patterns of Fig Tree shales analysed in this study are 
plotted in Figure 6.4 and those from Wildeman and Condie (1973) are 
plotted in Figure 6.5. The patterns are fairly typical of Archean 
sedimentary REE patterns with low total REE and (La/Yb)N, no large 
negative Eu-anomalies and rare positive Eu-anomalies. The average 
Eu/Eu* is 0.97±0.18 but values are highly variable (0.78-1.35). The 
one sample with lowest Eu/Eu* (0.78; C-5) is from Wildeman and Condie
(1973) and inspection of the pattern suggests some analytical problems
for Gd and/or Tb. As pointed out earlier (Section 3.3.2) Gd and Er
analyses in these samples (Wildeman and Condie, 1973) are considerably 
less precise than other REE. Irrespective of this, four of the 
samples have slight negative Eu-anomalies and this is almost certainly 
significant (see Section 3.5.3b for comparison with Pilbara samples). 
These slight negative Eu-anomalies (also see next section on Moodies)
could well be a reflection of some K-rich granites in source regions
as indicated by abundant K-rich feldspar in Fig Tree sandstones 
(Eriksson, 1980a).
6.5.1c Ferromagnesian elements (Cr-V-Ni-Co)
The extraordinary abundances of Cr and Ni in Fig Tree shales were
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79NC117 
79NC118
79NC136
79NC94
FIG TREE GROUP SHALES
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er
Figure 6.4 REE plots of shales from the Fig Tree Group (this study). 
Note the low total REE, (La/Yb)^ and lack of substantial negative 
Eu-anomalies. Sample 79NC94, with the lowest total REE, has the 
highest quartz and Si02 content.
HOERING
FIG TREE GROUP SHALES
Sm Eu Gd Tb Dy Ho ErLa Ce Pr Nd
Figure 6.5 REE plots of shales from the Fig Tree Group (Wildeman and 
Condie, 1973). There is a general similarity between these patterns 
and those analysed in this study. The irregular nature of the 
pattern around Gd-Dy, in sample C-5, suggests some analytical diffi­
culty .
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first noted by Danchin (1967). This study also confirms the high Cr 
and Ni abundances^ except tor the siliceous sample 79NC94*(^Cr>800 ppm. 
and h'i>400 ppm.) This also results in anomalously high Cr/V (>4) , 
Mi/Co (>9) and low V/Ni (<0.4). Danchin attributed these anomalously 
high abundances to an ultramafic source. Some reservations of this 
interpretation has been discussed in Section 3-3.3« However, 
regardless of this, these concentrations do suggest a considerably 
more mafic source than for post-Archean and many other Archean 
sedimentary rocks.
6.5.1d Other trace elements
There are too few analyses to make many generalizations regarding 
the other trace elements. The La/Th ratios (3.7-4.6) are higher than 
typical post-Archean shales (McLennan et al, 1980; Chapter 2) and the 
La/Sc (0.16-1.3) and Th/U (3.1-3.9) ratios are lower than post-Archean 
shales (McLennan and Taylor, 1980b; Chapter 2). These features are 
expected for Archean sedimentary rocks and compare well with other 
sequences examined.
6.5.1e Greywacke - shale comparison
The average composition of the Fig Tree shales is compared to 
greywackes from the Sheba and Belvue Road Formations in Table 6.2. 
There is no stratigraphic control on many of the shale samples so only 
general comparisons with the two greywacke suites can be made. In 
terms of the major elements, the shales are clearly enriched in Fe and 
Mg and depleted in Ca and Na relative to the greywackes. This results 
in much higher K/Na ratios in the shales. The higher 
contents^ are probably due to enrichment in clay minerals,
Fe and Mg
in the
shale,] which were ultimately derived from labile igneous minerals such 
as oliv/ne, amphibole and pyroxene (see Young, 1969 for analogous 
situation in the Early Proterozoic Gowganda Formation). The depletion 
of Ca and Na may be due to greater effects from weathering or to
leaching during diagenesis.
The average REE pattern of the shales appears different to either 
greywacke formation (Table 6.2). The shales have lower total REE and 
(La/Yb)N on average, but there is considerable overlap (Fig. 6.6). 
Lower total REE in the shales would be somewhat surprising since
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TABLE 6.2 
shales
Comparison 
from the Fig
of the 
Tree
chemical 
Group.
composition of greywackes and
SHEBA GREYWACKES* 
x s. d. n
BELVUE ROAD GREYWACKES* FIG
x s.d. n x
TREE SHALES*
s. d. n
Si02 66.5 3.4 15 59.8 6.1 7 57.4 4.9 5
Ti02 0.52 0.06 15 0.55 0.12 7 0.59 0.11 5
A12°3 10.3 0.8 15 12.9 1.8 7 13.3 2.6 5
FeO 6.3 1.0 15 5.9 1.6 7 11.0 1.4 5T
MnO 0.10 0.02 15 0.09 0.03 7 0.11 0.05 5
MgO 3.4 - 2 4.4 0.5 3 6.2 1.2 3
CaO 2.0 0.7 15 3.2 1.1 7 0.94 0.90 5
Na20 1.8 0.5 15 2.8 0.5 7 0.99 0.61 5
k2° 1.4 0.3 15 2.2 0.7 7 2.3 1.4 5
Ba 319 117 15 627 222 7 456 166 5
La 19.8 3.1 6 26.1 6.6 5 15.9 6.9 6
Ce 47 11 6 55 13 5 33.2 14.6 6
Nd 17.7 2.7 6 21.9 8.0 5 16.2 6.3 6
Sm 3.21 0.34 6 4.1 1.8 5 3.29 1.16 6
Eu 0.81 0.07 6 1.04 0.49 5 1.02 0.34 6
Gd 3.1 0.2 6 3.6 1.7 5 3.12 0.89 6
Tb 0.45 0.02 6 0.51 0.21 5 0.51 0.14 6
Dy 2.9 0.2 6 2.9 1.1 5 - - -
Ho 0.60 0.04 6 0.62 0.26 5 0.70 0.17 6
Er 1.9 0.2 6 1.6 0.6 5 - - -
Yb 1.63 0.08 6 1.61 0.62 5 1.85 0.45 6
La/Yb 12.2 1.8 6 17.3 5.6 5 8.4 3.0 6
Zr 134 27 15 184 41 7 105 40 5
Sc 13 1 15 13 4 7 23 5 5
Ni 290 34 15 160 79 7 586 216 5
La/Sc 1.5 0.2 6 2.3 1.0 5 0.77 0.38 5
Notes: * From Condie et al., 1970; Wildeman and Condie, 1973.
+ From Table 6.1; Condie et al. , 1970; Wildeman and Condie, 1973;
excludes sample 79NC94.
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Figure 6.6 PAAS-normalized REE diagram showing the fields of grey­
wackes and shales from the Fig Tree Group. The shales tend to have 
lower total REE and more LREE-depletion when compared to the grey­
wackes. All samples are enriched in Eu relative to PAAS.
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Figure 6.7 Chondrite-normalized REE plots of shales from the Moodies 
Group. These samples show no substantial negative Eu-anomaly and have 
higher total REE and (La/Yb)^ compared to Fig Tree shales.
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concentration of REE on clay minerals would be expected normally 
(Appendix 1). The shale data also display higher Ni, Sc abundances 
and possibly lower Zr abundances. The high Sc and low REE also result 
in lower La/Sc ratios.
Some of the differences in composition of these greywackes and 
shales from the same sequence cannot be fully explained by processes 
such as quartz dilution and sorting. From the features present in the 
Fig Tree shales (higher Mg, Fe, Ni, La/Sc), these rocks appear to have 
been derived from a slightly more mafic source than the greywackes. A 
plausible explanation is that original mafic igneous minerals, perhaps 
from ultramafics (to explain high Cr and Ni), were transformed into 
clays and concentrated in the shales. The REE data support this 
suggestion in that total REE and (La/Yb)N in the shales are lower than 
in the greywackes. However, there is considerable scatter in all 
three REE averages presented in Table 6.2 and it cannot be stated 
unequivocally that the REE characteristics are different.
6.5.2 Moodies Group Shales
6.5.2a Major elements
The major element abundances of the Moodies samples analysed are 
quite uniform and characterized by rather high Fe and Mg content. 
These samples also have K20/Na20 ratios of about 2-3.
6.5.2b REE
REE patterns of the Moodies Group shale samples are plotted in 
Figure 6.7. All are characterized by LREE enrichment 
((La/Yb)N=7.6-11.5) and possible slight negative Eu-anomalies 
(Eu/Eu%=0.89-0.93)• There are some differences compared to the Fig 
Tree shales but detailed comparisons will be made in a later section. 
Compared to post-Archean sedimentary rocks these REE patterns are 
notable for slightly lower total REE and considerably less 
Eu-depletion.
6.5.2c Ferromagnesian elements (Cr-V-Ni-Co)
As with the Fig Tree samples, the Moodies shales are
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characterized by high Cr and Ni abundances. This results in high Cr/V 
(>6), Ni/Co (>7) ratios and low V/Ni ratios (<0.4).
6.5.2d Other trace elements
Compared to post-Archean shales, these samples show high La/Th 
ratios (>2.7) and low Th/U (<3-5) and La/Sc (<2.0) ratios. These 
features are expected for Archean sedimentary rocks and compare well 
with other sequences examined.
6.5.2e Moodies - Fig Tree comparison
It is difficult to make any detailed comparisons between these 
two groups on the basis of so few samples, but several consistent, and 
probably significant differences do occur. Among the major elements, 
the Fig Tree is clearly enriched in Fe, Mg and possibly Ti, while 
being possibly depleted in K and Na, when compared to the Moodies. 
The Fig Tree also is enriched in ferromagnesian trace elements (Cr, V, 
Ni, Co), but there are no significant differences in Cr/V, V/Ni and 
Ni/Co ratios. This suggests that the preferential Cr and Ni 
enrichment over other ferromagnesian elements present in the Fig Tree 
is also present in the Moodies.
Differences in REE patterns are particularly interesting. The 
Moodies clearly possess higher (La/Yb)N ratios and possibly higher 
total REE although there is considerable overlap. The average Eu/Eu* 
of the Moodies is probably less than that of the Fig Tree although the 
Fig Tree data are highly scattered (Eu/Eu*=0.97±0.18 and 0.92+0.02 for 
the Fig Tree and Moodies respectively).
The Moodies Group samples also appear to have higher Th and U 
abundances. On the other hand, there is little difference between 
La/Th and Th/U ratios. The relative LREE enrichment in the Moodies 
also results in higher La/Sc ratios (average 1.4+0.5 compared to 
0.86+0.42 for Fig Tree).
The lower content of Mg, Fe, ferromagnesian trace elements, 
higher Na, K, total REE, Th, U abundances and higher (La/Yb)N and 
La/Sc in the Moodies shales are consistent with it being derived from 
a more granitic provenance than the Fig Tree. This is also supported
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by petrographic studies on associated sandstones (Condie et al., 1970; 
Eriksson, 1900a). It is also consistent with the increased importance 
of K-rich granitic magmatism with time seen throughout much of the 
early Archean of South Africa (Anhaeusser and Robb, 1980; see Fig. 
6 .1).
6.5.3 Pongola Supergroup 
6.5.3a Insuzi Group
The major element abundances of the two samples analysed are 
characterized by high K20/Na20 ratios (>19) and lower Fe and Mg 
contents than the Fig Tree and Moodies samples. In terms of trace 
elements, the two samples are quite different. REE patterns are 
plotted on Figure 6.8. Both samples have moderately high total REE 
and (La/Yb)N. The values of Eu/Eu* are 0.76 and 0.84. The abundances 
of Th, U and the ratios Th/'U, La/Th are variable. The Cr and Ni 
concentrations are high but the ratios Cr/V and Ni/Co are variable.
6.5.3b Mozaan Group
The major element composition of the Mozaan Group is similar to 
the Insuzi Group, but has somewhat lower Mg and higher Ti and K 
contents. REE patterns are plotted on Figure 6.9. All patterns have 
quite high (La/Yb)N (>5) and low Eu/Eu* (0.7-0.8). Two of three 
samples (with lowest Si content) have high total REE (>170 ppm). The 
abundances of Th, U and ratios La/Th, Th/U, La/Sc are quite variable. 
The abundances of Cr and Ni are about half that of the Insuzi Group 
samples but the ratios Cr/V, V/Ni, Ni/Co are variable.
There may be a difference in trace element characteristics for 
the Insuzi and Mozaan Groups of the Pongola Supergroup. The Insuzi 
almost certainly has higher Mg, Cr, Ni, V than the Mozaan. The REE in 
the two groups cannot be distinguished with the small data base 
(compare Figs. 6.8 and 6.9). The most likely explanation is that 
much of the Insuzi was derived directly from volcanogenic material 
being deposited penecontemporaneously with sedimentation (Watchorn and 
Armstrong, 1980; see Section 6.2.3).
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Figure 6.8 REE plot of sedimentary samples from the Insuzi Group 
(Pongola Supergroup). There is evidence for a major volcanogenic 
contribution to these sedimentary rocks.
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Figure 6.9 REE plot of sedimentary samples from the Mozaan Group
(Pongola Supergroup). These samples resemble typical post-Archean 
shales but are not as depleted in Eu (i.e. - higher Eu/Eu*).
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6.5.4 Witwatersrand Series
Only one sample of quartzite from the Main Bird Quartzite unit, 
Witwatersrand Series was available for this study. Only the REE data 
are of interest since the pattern of quartzite commonly approximately 
parallels the pattern of finer-grained sedimentary rocks but has lower 
abundances (see Appendix 1). The REE pattern of the Main Bird 
Quartzite sample (WITS2) is plotted on Figure 6.10. It has high 
(La/Yb)N=12.3 and low Eu/Eu*=0.63. The pattern is virtually parallel 
to typical post-Archean shales, but has much lower abundances. Also 
plotted on Figure 6.10 are the average of 2 shales from the Jeppestown 
Shale (Pretorius, 1976) and the average of 9 quartzite samples from 
the Kimberley Reef (Rasmussen, 1977), all part of the Witwatersrand 
Series. The REE data on these samples are incomplete but 
chondrite-normalized patterns (Fig. 6.10) are clearly similar to the 
quartzite sample WITS2, but with differing total REE.
6.6 CRUSTAL EVOLUTION
The change in trace element characteristics in clastic 
sedimentary rocks, associated with the Archean-Proterozoic boundary in 
Canada and Australia, appears to have occurred during the late Archean 
in South Africa. The averages of several key geochemical 
characteristics of the Mozaan Group (Pongola Supergroup) are compared 
to the Fig Tree and Moodies Groups in Table 6.3. The Mozaan samples 
clearly have different trace element characteristics, being lower in 
Mg, Cr, Ni, Cr/V, Ni/Co, Eu/Eu*, La/Sc and higher in K/Na, Th, Th/U, 
total REE, V/Ni. Significant differences in (La/Yb)N, La/Th, Sc, U 
are less obvious. The average REE abundances are plotted, normalized 
to chondrites, on Figure 6.11 and compared to the average of 3 
post-Archean shale samples from southern Africa (Table 6.1). These 
characteristics suggest that the samples from the Mozaan Group are 
strongly evolved towards typical trace element characteristics of 
post-Archean sedimentary rocks.
This can be shown further by simple trace element modelling 
calculations (Table 6.4). The REE and Th abundances are modelled 
since these elements probably best reflect upper crustal abundances. 
The two end members adopted for mixing are the average REE patterns of 
Archean (AAS) and post-Archean (PAAS) shales from Australia (Nance and
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La Ce Pr  Nd Sm Eu Gd Tb Dy Ho Er Yb
Figure 6.10 REE plot of sedimentary rocks from the Witwatersrand 
Series. These samples are quartz rich resulting in low total REE 
abundances. The substantial negative Eu-anomaly seen in sample 
WITS2, and inferred for the other samples, suggests the upper 
crust in this region had typical post-Archean characteristics by 
this time.
1 000
POST-ARCHEAN
MOZAAN GP
MOODIES GP 
FIG TREE GP
SOUTH AFRICA SEDIMENT COMPARISON
La Ce Pr  Nd Sm Eu Gd Tb Dy Ho Er
Figure 6.11 REE plots of average shale compositions for the Fig 
Tree Group, Moodies Group, Mozaan Group and Late Precambrian of 
southwest Africa. An evolution of REE characteristics (total REE, 
(La/Yb) , Eu/Eu*) from typical Archean to post-Archean is apparent. 
The Archean-aged Mozaan Group is well evolved towards typical post- 
Archean shales.
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TABLE 6.3 Comparison of chemical composition of shales from the 
Fig Tree, Moodies and Mozaan Groups (from Table 6.1).
FIG TREE* MOODIES MOZAAN
Si02 57.4 59.3 60.5
MgO 6.2 5.1 2.5
K20/Na20 2.5 2.9 15.6
zeee 85.5 107.5 148.9
(La/Yb)N 5.7 8.7 6.5
Eu/Eu* 0.99 0.92 0.77
Cr 1016 715 295
Ni 508 331 67
Cr/V 6.4 7.1 4.4
V/Ni 0.3 0.3 1.2
Ni/Co 11.7 9.4 5.1
Th 4.76 6.19 8.15
U 1.35 1.95 2.14
Sc 23 15 15
Th/U 3.6 3.2 4.2
La/Th 4.2 3.5 3.5
La/Sc 0.8 1.4 1.8
Notes:
* - excludes sample 79NC94.
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TABLE 6.4 REE and Th mixing models for Archean shales from South
Africa.
AAS
(1)
PAAS
(2)
19 :1 
(3)
FIG TREE 
(4)
4:1
(5)
MOODIES
(6)
1:1
(7)
MOZAAN
(8)
La (ppm) 12.6 38 13.9 15.9 17.7 22.2 25.3 29.4
Sm (ppm) 2.78 5.6 2.92 3.29 3. 34 3.61 4.19 5.35
Eu (ppm) 0.92 1.1 0.93 1.02 0.96 0.96 1.01 1.23
Gd (ppm) 2.85 4.7 2.94 3.12 3.22 2.83 3.78 4.48
Yb (ppm) 1.79 2.8 1.84 1.85 1.99 1.69 2.30 3.16
(La/Yb)N 4.8 9.2 5.1 5.8 6.0 8.9 7.4 6.3
Eu/Eu* 1.00 0.65 0.97 0.97 0.90 0.92 0.78 0.77
Th (ppm) 3.5 14.6 4.1 4.8 5.7 6.2 9.1 8.2
Notes:
1. Average Archean shale from the Yilgam Block, Western Australia.
2. Post-Archean Average Australian Shale.
3. Mixture of AAS and PAAS in proportions 19:1.
4. Average Fig Tree Group shale (excludes sample 79NC94).
5. Mixture of AAS and PAAS in proportions 4:1.
6. Average Moodies Group shale.
7. Mixture of AAS and PAAS in proportions 1:1.
8. Average Mozaan Group shale.
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Taylor, 1976, 1977; Bavinton and Taylor, 1980; see Cnapter 2 and 3, 
Appendix 1) with Th abundances from McLennan and Taylor (1980b) and 
McLennan et al. (1980) (see Appendix 6 for reprints). The Fig Tree 
data can be explained by being derived almost exclusively from typical 
Archean upper crust such as that which was exposed in the Yilgarn 
Block (AAS). The Moodies requires some contribution of rocks with 
post-Archean characteristics (10—20% PAAS), such as K-rich granites 
with high Th and negative Eu-anomalies. The sedimentary rocks from 
the Mozaan Group require almost equal proportions of the two mixing 
components to explain their trace element characteristics.
The data base on the Witwatersrand Series is inadequate and more 
detailed study on this sequence is clearly in order. However, the 
available data (Fig. 6.10) are consistent with the suggestion that by 
this time the exposed crust in South Africa had a REE signature 
indistinguishable from the present-day upper crust.
These features are in agreement with the petrographical evolution 
previously described for these rocks (Sections 6.2.1-6.2.2) and the 
evolution of granite magmatism during the Archean of South Africa 
(Section 6.2.5). The evolution is also similar to that seen for Early 
Proterozoic successions (Chapter 5) and can be explained by a change 
in the composition in the upper crust related to widespread granitic 
activity. In the case of South Africa, this granite "event" occurred 
much earlier and over a protracted period (3.2-2.5 Ae with main 
activity 3.2-2.9 Ae).
6.7 CONCLUSIONS
The trace element composition of Archean sedimentary rocks from 
South Africa record an evolution from typical Archean characteristics, 
such as those seen in Western Australia (Yilgarn Block) to typical 
post-Archean characteristics. These are probably recording a change 
in composition of the upper crust, from relatively mafic to felsic, in 
the same way as Early Proterozoic sequences in Australia and Canada. 
This change was related to widespread K-rich granitic magmatism and 
related igneous activity known to occur in South Africa between about 
3.2-2.9 Ae (Anhaeusser and Robb, 1980). The trace element data 
available on these granitic rocks (Glikson, 1976; Condie and Hunter, 
1976) are consistent with this suggestion.
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The most important conclusion from this study is that crustal 
evolution responsible for changes in trace element characteristics in 
sedimentary rocks, while more or less episodic in any one place, is 
clearly not an isochronous event worldwide. The change in upper 
crustal composition, previously related to the Archean-Proterozoic 
boundary, was in fact a rather protracted event during the period 
3.2-2.5 Ae.
164.
CHAPTER 7
DISCUSSION ON THE COMPOSITION AND EVOLUTION 
OF THE CONTINENTAL CRUST
7.1 INTRODUCTION
The results on sedimentary rocks indicate some fundamental 
differences in trace element distributions in Archean and post-Archean 
sedimentary rocks which reflect differences in composition of the 
exposed crust. The three most important conclusions which have been 
drawn from the sedimentary data, thus far, may be summarized as 
follows:
1) Archean sedimentary rocks can be explained in terms of a bimodal 
mixing model involving mafic volcanics and felsic igneous rocks 
(felsic volcanics, tonalites-trondhjemites). Shallow melting (<40 km) 
was of little importance in differentiating the Archean crust. On the 
other hand, post-Archean sedimentary rocks show evidence of their 
igneous precursors being dominantly of intra-crustal origin (<40 km).
2) There is a distinct difference in the bulk composition between the 
Archean and post-Archean exposed crust with the Archean upper crust 
being more mafic.
3) The change in composition between Archean and post-Archean 
sedimentary rocks appears to be related to the wide-spread potassic 
igneous activity, endemic over the earth, during a rather protracted 
period (3.2-2.5 Ae), which marks the Archean-Proterozoic boundary.
In this penultimate chapter, these results are considered 
further. Some of the implications of these conclusions on the 
composition and evolution of the continental crust and differentiation
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history of the earth are also explored.
7.2 TRACE ELEMENT EVOLUTION IN SEDIMENTARY ROCKS 
7.2.1 Introduction
Secular trends in the chemical composition of sedimentary rocks 
are of major importance because they may help constrain models of 
crustal evolution and the amount of intra-crustal sedimentary 
recycling through geological time (see reviews by Garrels and 
Mackenzie, 1971; Ronov, 1964, 1968, 1972; Ronov and Migdisov, 1971; 
Ronov et al., 1974; Veizer, 1973, 1978, 1979, 1981; Veizer and 
Garrett, 1978; Schwab, 1978; Veizer and Jansen, 1979). To date, the 
primary emphasis has been placed on the major element composition of 
shales. It is generally agreed that there is a gradual change from 
relatively 'mafic’ to ’felsic’ composition in shales with geological 
time. The interpretation of this has been equivocal with models 
involving crustal evolution (e.g. Ronov, 1968), sedimentary recycling 
(e.g. Garrels and Mackenzie, 1971) and a combination of these (e.g. 
Veizer, 1973; Veizer and Jansen, 1979). Only relatively recently has 
the importance of the Archean-Proterozoic boundary, as a benchmark for 
changes in sedimentary composition, been recognized (e.g. Engel et 
al., 1974; Veizer, 1976a,b, 1981; Veizer and Compston, 1976; Veizer 
and Jansen, 1979; McLennan, 1977; McLennan et al., 1979a).
Studies of secular variations of trace element abundances in 
sedimentary rocks are very scarce. Reimer (1972) examined Rb and Sr 
abundances in shales and Ronov and Migdisov (1971) examined Th and U 
abundances (also see Veizer, 197^ 1, 1976b). As part of the present 
investigation, a paper was published dealing with Th and U evolution 
in sedimentary rocks with time (McLennan and Taylor, 1980b; see 
Appendix 6). The findings of this study will be discussed below.
From Figure 1.1, it was inferred that some elements in clastic 
sedimentary rocks are intrinsically more reliable in formulating upper 
crustal compositions. Elements with relatively low concentrations in 
seawater normalized to their upper crustal abundance, and which are 
not easily mobilized during diagenesis or metamorphism, are probably 
stored almost quantitatively in clastic sediments. The most useful 
trace elements are REE, Th, Sc, Zr, Hf and Nb. Elements with
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intermediate solubility, such as Cr, V, Ni, Co and Ba may reveal some 
information but considerably more caution is warranted. Highly 
soluble elements, such as Rb, Sr, Li, Mo, and B are least dependable. 
It should also be noted that the major elements Na, Mg, Ca, K, on 
which most previous sedimentary evolution studies are founded, are 
included within the most soluble and thus least reliable group of 
elements.
If the upper crust has in fact changed composition gradually from 
relatively mafic to felsic it should be revealed in the trace element 
abundances. There should be a relative secular increase in 
incompatible elements, such as LREE, Th, Zr, etc., and a secular 
decrease in the highly compatible elements, such as Cr, V, Ni, Co. In 
examining these trends, two factors should be considered. Firstly the 
problem of mobility and redistribution which has been discussed above. 
Secondly, the problem of dispersion may be significant in a study such 
as this where only a small number of samples are considered. Even if 
trends are present, they will not be significant unless the ratio of 
dispersion to the absolute differences present is quite small.
7.2.2 Data Base
On Table 7.1, the data for Australian fine-grained sedimentary 
rocks (Appendix 5, Tables 3.2, 5.2, 5.4) are grouped, in 500 million
ivhicWyear intervals (except 2.0-1.0 Ae^is one interval). Samples from the 
lowermost Proterozoic units (e.g. Group I of the Pine Creek 
Geosyncline) are not included since they are not typical of Early 
Proterozoic sedimentary rocks in general (Chapter 5) and inclusion 
would unrealistically bias the 2.5-2.0 Ae composition. Further data 
are taken from the compilation of post-Archean fine-grained 
sedimentary rocks (Table 2.1), the results from the Fig Tree and 
Moodies Groups from South Africa (Table 6.1) and the results from the 
Greenland Archean samples (Tables 3.4 and 3.6). Also incorporated is 
the compilation of Archean shales (Table 4.1). In all figures, error 
bars represent 95$ confidence limits.
7.2.3 Alkali and Alkaline Earth Elements
Reimer (1972) examined the Rb and Sr evolution in shales. He 
noted a possible gradual increase in Rb content between about 3.3-0.5
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TABLE 7.1  Surra ry o f  chem ical o o r fo s it io n  o f  A u stra lia n  f 1 ne-araxned c l a s t i c  sed im entary r o c k s .
v 3 .5  Ae 
95% * n
3 .0 -2 .5  Ae 
x 95% * n
2 .5 -2 .0  Ae 
x 95% * n
2 .0 -1 .0  Ae 
x 95% * n
1 .0 -0 .5  Ae 
x 95% * n
0 .5 -0 .0  Ae 
x 95% * n
S i0 2 5 7 .7 3 .5 10 5 5 .7 3.9 21 6 2 .6 6 .1 10 6 7 .9 2 .8 5 6 3 .0 4 .8 6 6 1 .7 1 .9 21
Ti 02 0 .6 7 0 .1 2 10 0 .5 2 0 .0 7 21 0 .6 8 0 .2 2 10 0 .5 8 0 .15 5 0 .7 3 0 .06 6 0 .7 9 0 .06 21
A l2°3 2 2 .8 2 .8 10 1 3 .7 1 .9 21 1 9 .7 3 .5 10 15.6 2 .9 5 1 5 .6 2 .8 6 1 8 .8 1 .3 21
n?0T 5 .2 1 . 1 10 11.6 3 .6 21 4 . ft 1 .3 10 4 .4 1 .7 5 5 .8 0 .9 6 6 .2 0 .8 21
**i0 0 .0 3 0 .0 1 10 0 .06 0 .02 21 0 .06 0 .02 10 0 .04 0 .02 5 0 . OR 0 .0 5 6 0 .1 6 0 .0 6 21
MgO 3 .3 0 .9 10 2 .4 0 .8 21 2 .1 0 .7 10 1 .5 1 .2 5 2 .5 0 .8 6 2 .2 0 .3 21
CaO 0.012 0.006 10 3 .2 1 .4 21 0 .4 3 0 .3 8 10 0 .3 3 0 .41 5 0 .8 0 0 .9 4 6 0 .6 0 0 .45 21
Na20 0 .5 6 0 .3 2 10 2 .3 1 .0 21 0 .89 0 .6 7 10 0 .94 0 .6 3 5 0 .9 0 0 .0 8 6 0 .5 8 0 .1 8 21
k20 4 .6 1 . 0 10 2 .2 0 .7 21 4 .7 0 .9 10 3 .6 0 .5 5 4 .7 2 .0 6 4 .0 0 .3 21
P2°5 - - - 0 .1 0 0 .02 19 - - - 0 .2 3 0 .15 3 0 .0 8 0 .0 3 6 0 .1 4 0 .02 21
L .O .I . 5 .0 0 .4 10 5 .7 1 .6 21 3.4 1 .4 10 42 1 .1 5 5 .3 1 .1 6 4 .4 0 .6 21
K20/N a20 11.5 4 .0 10 2 .8 1 .6 21 16.1 1 4 .3 10 4 .9 3 .5 5 5 .3 2 .6 6 1 1 .8 5 .9 21
Cs 5 .7 2 .5 10 3 .8 2 .1 8 8 .6 2 .5 10 10 5 5 18 6 6 11 2 17
Ba 1029 218 10 531 149 21 994 284 10 579 348 5 272 90 6 544 88 21
Pb 18 6 10 57 36 20 25 9 10 19 13 5 24 14 6 23 6 21
La 36.5 9 .6 10 16.2 4 .1 20 5 4 .3 1 2 .5 10 33 .4 1 2 .5 5 3 2 .8 5 .4 6 4 6 .9 5 .6 20
ire i: 179 47 10 89 20 20 261 62 10 152 69 5 152 20 6 220 27 20
9 .5 1 .3 10 5 .7 1 .1 20 12.4 3 .0 10 1 0 .9 4 .6 5 8 .7 1 .5 6 1 0 .0 1 .1 20
Eu/Eu* 0 .8 9 0 .0 4 10 1 .0 3 0 .0 7 20 0 .6 2 0 .1 0 10 0 .6 4 0 .0 5 5 0 .6 2 0 .0 3 6 0 .6 5 0 .02 20
Th 1 2 .2 3 .8 10 6 .1 1 .8 21 1 9 .3 6 .7 10 1 4 .1 5 .4 5 14.4 2 .5 6 1 7 .2 1 .8 21
U 3 .0 1 .4 10 1 .5 0 .4 21 4 .7 1 .8 10 3 .6 3 .1 5 2 .6 0 .3 6 3 .3 0 .3 21
Zr 184 60 10 132 19 21 195 36 10 160 56 5 199 20 6 189 19 21
Hf 4 .9 0 .7 10 3 .3 0 .5 21 5 .2 0 .6 10 3 .7 1 .4 5 4 .5 0 .8 6 4 .0 0 .6 20
Sn 7 .5 3 .6 10 1 2 .2 15 .4 8 6 .4 2 .5 10 2 .4 1 .8 5 2 .3 0 .2 5 1 .9 0 .2 13
Nb 15 2 10 5 .7 1 .6 21 19 3 .7 10 13 2 5 16 2 6 20 2 21
w 1 .2 0 .3 10 1 .9 1 .2 8 1 .1 0 .3 9 0 .8 0 .2 5 1 .0 0 .2 5 0 .9 0 .1 13
Th/U 4 .5 0 .6 10 3 .9 0 .5 21 4 .2 0 .6 10 5 .4 4 .2 5 5 .6 0 .7 6 5 .5 0 .6 21
Zr/Hf 39 14 10 41 6 21 37 6 10 44 10 5 45 3 6 49 6 20
Zr/Nb 1 2 .7 4 .2 10 2 7 .9 4 .7 21 1 0 .4 1 .5 10 12.1 4 .7 5 1 2 .5 1 .4 6 1 0 .0 1 .3 21
La/Th 3 .1 0 .5 10 3 .1 0 .4 20 3.1 0 .7 10 2 .4 0 .5 5 2 .3 0 .4 6 2 .8 0 .3 21
Cr 604 80 10 163 44 21 219 183 6 102 57 5 80 17 6 95 11 21
V 168 40 10 96 19 21 112 64 9 72 20 5 89 18 6 103 9 21
Sc 19 3 10 21 3 8 15 5 9 13 5 5 17 3 6 20 2 21
Ni 352 101 10 104 33 19 97 79 9 21 12 5 39 8 6 46 7 21
Co 29 10 10 47 17 19 19 10 9 7 .2 6 .9 5 15 6 6 20 3 21
Cu 79 22 10 333 134 19 48 30 9 - - - 26 12 6 45 10 21
Ga 21 5 10 20 2 21 17 4 9 14 3 5 22 4 6 25 2 21
Cr/V 3 .8 0 .7 10 1 .7 0 .3 21 1 .4 0 .6 6 1 .5 0 .8 5 0 .9 1 0 .1 3 6 0 .9 2 0 .0 7 21
V/Ni 0 .6 8 0 .5 2 10 1 .3 0 .9 20 2 .3 1 .3 9 5 .5 7 .3 5 2 .3 0 .6 6 2 .7 0 .9 21
N i/C o 1 2 .7 2 .8 9 2 .9 1 .0 18 4 .0 2 .5 9 3 .6 2 .9 5 2 .8 0 .5 6 2 .3 0 .2 21
L a/Sc 2 .0 0 .5 10 1 .2 0 .5 7 4 .2 1 .9 9 2 .6 0 .8 5 2 .0 0 .3 6 2 .4 0 .3 21
Bi 0 .2 3 0 .0 8 10 1 .1 1 .0 8 0 .2 8 0 .1 9 10 0 .2 6 0 .1 2 5 0 .3 7 0 .1 2 5 0 .2 4 0 .0 5 13
B 85 29 10 106 101 8 28 20 6 103 17 5 169 33 6 72 15 18
N o tes: * 95% co n fid e n c e  in t e r v a l .
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Ae (120-200 ppm Rb) followed by a sharp decrease after the Cretaceous 
(to <100 ppm Rb). Sr showed little change (at about 75 ppm) during 
the Precambrian followed by a sharp increase after the Cretaceous (to 
about 275 ppm). The decrease in Rb (and K) after the Cretaceous was 
related to retention of alkalies in soils after the establishment of 
land plants. The h*ß/?e<~ Sr content was related to a decrease in Sr 
solubility related to pH increases controlled by increasing C02 
(produced by land plants). Thus, secular changes in these elements 
probably better reflect biological rather than crustal evolution.
Little information can be gained from this study on these 
elements. Barium shows no trend at all, probably at least partly due 
to the rather high dispersion seen in a number of sequences. Cesium, 
which is one of the most incompatible elements similarly shows no 
clear trend, although Archean shales probably tend to be lower in Cs. 
All of the data for these elements are highly scattered.
7.2.4 Rare Earth Elements
It has been emphasized in this study, and many others, that REE 
in sedimentary rocks comprise the best group of elements for examining 
crustal evolution. These elements are insoluble and from La to Lu, 
there is a progressive decrease in the degree of incompatibility. 
Furthermore, the two common oxidation states of Eu may reveal 
information as to the origin of the upper crust with time. The 
differences between Archean and post-Archean sedimentary REE patterns 
has been established in Chapters 2-6 and Appendix 1. It has yet to be 
documented if there are any gradual variations with time.
The three critical parameters of REE characteristics (Eu/Eu*, 
(La/Yb)N, total REE) are plotted against time in Figure 7.1. The most 
striking diagram is that for Eu/Eu* (Fig. 7.1a). Archean sedimentary 
rocks are not anomalous, on average, with respect to Eu, however, 
post-Archean rocks all show a significant and constant Eu-anoraaly. 
The break in composition corresponds to the Archean-Proterozoic 
boundary. These data clearly indicate that sedimentary rocks have not 
changed composition, with respect to Eu, during post-Archean times. 
These data do not necessarily negate secular changes in sedimentary 
composition, from mafic to felsic, since Eu-anomalies are not a 
reliable index of overall composition but would support the idea of
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Figure 7.1 Plot of various REE characteristics in fine-grained clastic 
sedimentary rocks versus time. Closed circles represent Australian 
averages (Table 7.1). Open circles as follows: GL - Greenland,
SA - South Africa (Fig Tree and Moodies Group), J - 22 Jurassic 
shales from the north Atlantic (Dypvik and Brunfelt, 1979). Error 
bars represent 95% confidence levels. There is a distinct break 
in REE characteristics which can be related to the Archean-Proterozoic 
boundary. This is particularly apparent for Eu/Eu*. There is no 
evidence for significant changes in REE characteristics during the 
post-Archean and Eu/Eu* shows strong evidence for remaining constant.
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only very limited compositional changes during the post-Archean.
The value of (La/Yb)N is a more useful index of composition since 
it is a ratio of an incompatible to relatively compatible element. 
The Archean data (Fig. 7.1b) are fairly scattered (with the early 
Archean samples from the Pilbara Block having particularly high 
ratios) as might be expected for rocks apparently derived from mixing 
of mafic and felsic igneous rocks. The Archean values of (La/Yb)N are 
typically lower (generally <8) than for the post-Archean (typically 
about 10) with the break corresponding to the Archean-Proterozoic 
boundary. Post-Archean values are rather scattered prior to about 1.0 
Ae but the presently available data clearly do not support the idea of 
an increase in (La/Yb)N during the post-Archean.
Nance and Taylor (1976) indicated there was some evidence of 
secular increases in total REE with time and Veizer and Jansen (1979) 
suggested that such a trend could be explained by a recycling model. 
Figure 7.1c plots total REE against time. Again the Archean data tend 
to be lower (<100 ppm) but with the Pilbara samples being anomalous. 
With the recently acquired Proterozoic data, the idea of gradual 
changes of total REE during the post-Archean is not supported. The 
data are quite scattered prior to 1.0 Ae, the post-Archean samples do 
tend to have higher total REE (150-250 ppm) with the break 
corresponding to the Archean-Proterozoic boundary.
7.2.5 La-Th-Sc
The coherence between La-Th in Archean and post-Archean 
sedimentary rocks was documented in Chapters 2-4. The reason for the 
coherence is probably related to similar geochemical properties and 
low solubility in most natural waters. In Figure 7.2a, La/Th ratios 
are plotted as a function of time. Post-Archean rocks have a slight 
but statistically significantly lower La/Th ratio than Archean 
sedimentary rocks (McLennan et al., 1980). The Early Proterozoic data 
set resemble Archean shales but the dispersion is large. There is no 
clear-cut secular trend during the post-Archean but resolution is not 
that good. Thorium is slightly more incompatible than La so the lower 
La/Th in post-Archean sedimentary rocks is consistent with a transfer 
of incompatible elements into the upper crust at the 
Archean-Proterozoic boundary.
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Figure 7.2 Plot of La/Th, La/Sc, Th/Sc in shales versus time.
Numbers on open circles represent columns in Table 2.1. There is an 
increase in La/Sc and Th/Sc and decrease in La/Th which can be related 
to the Archean-Proterozoic boundary. This suggests an enrichment of 
incompatible elements in the upper crust at that time. Th/Sc appears 
to remain constant throughout the post-Archean.
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Coherence between La-Sc was noted for post-Archean sedimentary 
rocks and was related to their low solubility in natural waters 
(Chapter 2). In Archean sedimentary rocks La fractionated from Sc, 
probably related to their relative incompatibilities (cf. correlation 
of La/Sc and (La/Yb)N; Fig. 4.8). In Figure 7.2b, a marked increase 
in La/Sc ratio is recorded at the Archean-Proterozoic boundary. There 
is no indication of a secular increase in La/Sc during the 
post-Archean, as might be expected if there was a mafic to felsic 
trend during the post-Archean.
Thorium is a highly incompatible element in contrast to the 
compatible behavior of scandium. Thus the Th/Sc ratio should give the 
most sensitive index of LIL-element fractionation of all the insoluble 
elements. A plot of the ratio Th/Sc against time is shown in Figure 
7.2c. The same picture emerges as with the previous data. There is a 
sharp increase in Th/Sc, corresponding to the Archean-Proterozoic 
boundary, suggesting a fractionation of incompatible elements into the 
upper crust. During the post-Archean, there is no detectable change 
in Th/Sc ratio over 2.5 Ae.
7.2.6 Th-U
The distribution of Th and U in sedimentary rocks was discussed 
in detail by McLennan and Taylor (1980b) and a copy of this paper is 
given in Appendix 6. At this stage, considerably more data are 
available, but the interpretations have remained unchanged. Figure 
7.3 plots Th, U and Th/U for all of the presently available samples, 
against geological time. The abundances of Th and U are generally low 
in Archean shales with the exception of the Pilbara data, which are 
similar to those in post-Archean samples. A dramatic increase (by a 
factor of about 2) in Th and U abundances occur, corresponding to the 
Archean-Proterozoic boundary. The concentration of Th in fine-grained 
sedimentary rocks appears to remain unchanged during post-Archean time 
with Th levels in rocks deposited between 2.5-2.0 Ae being 
indistinguishable from those deposited between 0.5-0.0 Ae and if 
anything, higher in abundance (contradictory to a mafic to felsic 
trend).
The distribution of U during the post-Archean may be more
/  afcomplicated than t.4$£ATh. The data indicate a decrease in U during the
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Figure 7.3 Plot of Th and U abundances and Th/U ratio in shales versus 
time. CS - average Canadian Shield Archean shale (Cameron and Garrels, 
1980). Dev. - average of 206 Devonian mudstones (Way and Friedman,
1980). Th and U abundances appear to increase sharply at the Archean- 
Proterozoic boundary. Th abundances appear to remain constant during 
the post-Archean while U abundances appear to decrease during the 
post-Archean. There is an increase in Th/U ratios throughout geological 
time but whether this reflects an evolution of the upper crust is un­
certain .
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post-Archean. Rocks deposited between about 2.5-2.0 Ae are 
statistically higher in U (about 5 ppm) than those deposited during 
0.5-0.0 Ae (U=3-4 ppm). If this trend is real, it may suggest loss of 
U during repeated weathering events as sedimentary rocks are recycled 
within the continental crust (McLennan and Taylor, 1980b).
This suggestion gains support from Th/U ratios which appear to 
show an increase through geological time (Fig. 7.3c). Sedimentary 
rocks deposited prior to 3.0 Ae have lower Th/U on average (<4) than 
those deposited after 1.0 Ae (Th/U>5). Whether these differences are 
related to changes in the composition of the upper crust and/or 
changes in the levels of free oxygen in the atmosphere and hydrosphere 
are discussed fully in McLennan and Taylor (1980b); these problems 
are not resolved with the additional data.
7.2.7 Zr-Hf-Nb
The abundances of these elements are plotted against time on 
Figure 7.4. The concentration of Zr increases at the 
Archean-Proterozoic boundary (Fig. 7.4a) with post-Archean values 
typically above 175 ppm. Archean values are typically below 150 ppm. 
Of all the incompatible elements considered, Zr is the only one which 
shows some indication of gradual increase during the post-Archean. 
The wide range of values in the young rocks (<0.5 Ae) makes such an 
interpretation equivocal.
The abundances of Hf are highly dispersed (Fig. 7.4b) and no 
unequivocal variations can be documented although post-Archean values 
tend to be higher.
Based on the ocean basalt data (Sun et al., 1979), Nb may be more 
incompatible than either Zr or Hf and its abundance in sedimentary 
rocks shows a marked increase (a factor of about 2) which can be 
related to the Archean-Proterozoic boundary (Fig. 7.4c). The 
post-Archean data are scattered but no case for an increase during 
this time can be made on the basis of them.
7.2.8 Ferromagnesian Elements (Cr-V-Ni-Co)
These elements are less reliable for upper crustal estimates
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than the relatively insoluble trace elements (Chapters 1 and 2). 
However, the large differences between relatively mafic and felsic 
compositions, for these trace elements, may be recorded in sedimentary 
rocks. The absolute abundances of Cr, Ni and Co versus geologic time 
are plotted on Figure 7.5. Vanadium abundances show high dispersions 
and no variations with time can be documented with the presently 
available data.
For the elements Cr, Ni and Co, post-Archean values tend to be 
lower than Archean values, particularly for Ni and Co. The Archean 
abundances are highly scattered for Cr and Ni. For Cr and Ni, Early 
Proterozoic samples tend to be intermediate between the Archean and 
post-Archean abundances but an episodic change, at the 
Archean-Proterozoic boundary, is indicated for Co. Other than this, 
there is no indication of a secular decrease in Cr, Ni or Co 
abundances in post-Archean shales as might be expected for gradual 
mafic to felsic changes in upper crustal composition. It should be 
noted that the post-Archean data are quite highly scattered prior to 
about 1.0 Ae.
7.2.9 Major Elements
The problems with using certain major elements in sedimentary 
rocks as indicators of crustal composition have been discussed. Also, 
the data base available in this thesis is considered too small for 
reaching any significant conclusions. Thus, a different approach was 
taken in considering these elements. The average major element 
compositions of clastic sedimentary rock assemblages (sandstones, 
greywackes, shales, etc., but excluding carbonates and evaporites) for 
various times in earth history were determined from the literature and 
examined for secular trends. The results of this study have been 
prepared for publication and a copy of this manuscript is reproduced 
in Appendix 9 (McLennan, 1981).
The major conclusions are that uncertainties in averages are 
considerable but there are no observable secular changes in the 
average composition of post-Archean sedimentary rocks which can be 
related to changes in the composition of the upper crust. Archean 
clastic assemblages were enriched in Na, Mg, Fe, A1, possibly Ca and 
depleted in Si and K. Such differences are consistent with the
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Archean upper crust having more mafic composition than the 
post-Archean upper crust.
7.2.10 Discussion
Detailed examination of secular trends of trace element 
abundances in fine-grained sedimentary rocks appear to support models 
of crustal evolution described above. Archean sedimentary rocks are 
quite scattered in their trace element compliment which is expected 
for an origin from igneous rocks with bimodal geochemistry. 
Post-Archean shales tend to have higher levels of incompatible 
elements and lower levels of ferromagnesian elements than Archean 
shales. This is evidence for a more felsic composition for the 
post-Archean upper crust. The change from Archean to post-Archean 
compositions for many elements can be shown to be essentially episodic 
and associated with the Archean-Proterozoic boundary.
Such a change is compatible with the suggestion that the change 
in composition of the upper crust at the Archean-Proterozoic boundary 
was related to the intrusion of K-rich granitic rocks, of intracrustal 
origin, at the end of the Archean (earlier in South Africa). This 
mechanism was originally proposed, mainly to explain the appearance of 
a negative Eu-anomaly in the post-Archean upper crust. Such rocks 
would also introduce considerable amounts of incompatible elements, 
such as LREE, Th, U, etc. and dilute the concentrations of 
ferromagnesian elements in a mafic crust.
A notable feature of the trace element data is that there is no 
good evidence (except for U) for any significant changes in 
composition during the post-Archean. In fact some parameters (Eu/Eu*, 
(La/Yb)N, Th/Sc, Th, Nb) appear to remain constant during the 
post-Archean. This is consistent with the suggestion that the 
composition of the upper continental crust exposed to weathering has 
not changed composition during that time. A corollary to this 
conclusion is that there must have been a considerable increase in the 
amount of material available to weathering and erosion to remove the 
Archean upper crust geochemical 'signature' in an episodic fashion. 
This point will be addressed further below.
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7.3 CRUSTAL EVOLUTION: TRACE ELEMENT EVIDENCE IN SEDIMENTARY ROCKS 
7.3.1 General
A case has been made for using several key elements (e.g. REE, 
Th, Sc) in sedimentary rocks in inferring upper crustal compositions. 
The differences in composition of Archean and post-Archean sedimentary 
rocks and upper crustal composition has been documented in Chapters 
2-6. These differences, and the episodic nature of the change in 
trace element abundances in sedimentary rocks at the 
Arc’nean-Proterozoic boundary, have important implications for the 
evolution of the continental crust. Several papers have been 
published as part of the present investigation which explore these 
implications. Three of these papers (Taylor and McLennan, 1981a,b,c) 
are reproduced in Appendix 9. Several other papers are also relevant 
to this topic and have been introduced and referenced previously 
(Appendix 6 - McLennan and Taylor, 1980b; McLennan et al., 19Ö0; 
Appendix 8 - McLennan et al., 1979a; McLennan and Taylor 1980c; 
Taylor and McLennan, 19ÖId). As with all models, the one developed in 
this thesis, in conjunction with S.R.Taylor, has evolved with time. 
This is clearly reflected in the papers referenced above. For 
clarity, the five most recent discussions are McLennan and Taylor 
(1980b), McLennan et al. (1980), Taylor and McLennan (1901b,c,d). 
Further discussion in this thesis is obviously more recent than in any 
of the above publications. The following is a brief precis of the 
salient points in the above mentioned papers.
The composition of the present-day upper crust exposed to 
weathering, inferred from the uniformity of sedimentary REE patterns 
and large scale sampling programs in the Canadian Shield, is close to 
that of granodiorite. Using a bulk continental crust composition 
equivalent to andesite (the revelance of the andesite model for 
crustal composition is discussed in Section 7.7), the composition of 
the lower crust can be determined, assuming that the upper crust is 
one-third of the total and derived from intracrustal partial melting. 
The most recent estimates of these compositions are given in Table 1 
of Taylor and McLennan (1981b). Strong evidence for intracrustal 
melting being responsible for the generation of much of the upper 
crust comes from the pronounced Eu-depletion in sedimentary rocks 
(Eu/Eu*=0.65). Such a model predicts the retention of Eu in the lower
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crust, probably in plagioclase, resulting in a positive Eu-anomaly in 
the average lower crust composition (Eu/Eu*=1 .17) . This prediction is 
supported by the meagre data on lower crustal rocks examined to date. 
The model further predicts an approximately chondritic Sm/Nd ratio, on 
average, for the lower continental crust.
Archean upper crust, on average, has a different REE pattern to 
that of the present day, with lower total REE, (La/Yb)N and no 
discernable Eu-anomaly. The Archean crustal composition can be 
modelled by a mixture of Archean tholeiite and tonalite-trondhjemite. 
This composition compares favourably to the present day total crust 
composition, predicted by the andesite model, except it is much higher 
in Cr and Ni. Shallow, intracrustal melting was of little importance 
in differentiating the Archean crust.
REE patterns from Early Proterozoic sedimentary rocks suggest an 
epsodic change in the composition of the upper continental crust. REE 
at the base of some Early Proterozoic successions resemble typical 
Archean sedimentary rocks while those from the upper part are 
indistinguishable from younger post-Archean sedimentary rocks. It is 
likely that this change reflects the massive intrusion of K-rich 
granitic rocks into the upper crust which was endemic in shield areas 
near the end of the Archean. Data from the Late Archean of South 
Africa clearly show that while this change in upper crustal 
composition was episodic at any one place, it was a rather protracted 
event on a global scale lasting from about 3.2-2.5 Ae.
These conclusions are consistent with crustal growth models which 
predict a relatively slow continental growth rate in the early 
Archean, a major increase (to about 70-80$ of the total crust) between 
3.0-2.5 Ae and a slower increase to the present.
7.3*2 The Archean Crust
In models described above, it was assumed that the Archean crust 
was more or less homogeneous throughout. This aspect was developed, 
mainly on the sedimentary trace element data from the Yilgarn Block, 
which probably have lower total REE (and other LIL elements), and 
(La/Yb)N (also lower La/Sc and higher La/Th, etc) than Archean 
sedimentary rocks in general. The major element data in Archean
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sedimentary rocks are also consistent with a more felsic composition 
for the Archean upper crust than previously suggested (McLennan, 1981; 
see Section 7.2.9). This is also consistent with the strong evidence 
for a two component system for the Archean crust (in geochemical but 
not lithological terms) indicated from the sedimentary data. From 
density considerations alone, an upward enrichment of the felsic 
component might be expected.
The composition of the Archean upper crust is probably best 
predicted from the sedimentary REE patterns. Many geochemical 
characteristics of Archean sedimentary rocks point to two dominant 
geochemical components - Archean mafic volcanics and felsic igneous 
rocks. To derive Archean upper crustal abundances, the average 
Archean sedimentary REE pattern was modelled using mixtures of the 
average Archean mafic volcanic and tonalite-trondhjemite compositions 
estimated in Table 4.2. The best model was an approximately 1:1 
mixture (see Table 4.7). REE values are taken directly from the 
sedimentary data. The elements Th, U, K, Rb were estimated using the 
ratios La/Th=3.5, Th/U=3.8, K/U=10,000, K/Rb=300, (see Chapter 4; 
McLennan et al., 1980). The elements Tm, Lu and Y were estimated from 
chondrite normalized REE plots. Other elements were estimated using a 
1:1 mix of the igneous compositions given in Table 4.2, with Hf 
estimated from Zr/Hf=33 (Taylor and McLennan, 1981b). The values so 
derived are listed on Table 7.2.
The bulk composition of the Archean total crust can be modelled 
as being equivalent to the average composition of Archean volcanic 
rocks (Taylor and McLennan, 1981c). Large scale sampling in the 
Superior Province of the Canadian Shield (Goodwin, 1977) allows a 
reasonably confident estimate of these values (listed on Table 4.2). 
The value of Zr for the average mafic volcanic, reported by Goodwin 
(1977), was in excess of 100 ppm. This value was considered too high 
and a review of the literature indicated the average was no greater 
than about 60 ppm. Using this value, an average Zr content of all 
Archean volcanics is estimated at 105 ppm (rather than 177 ppm of 
Goodwin (1977)). In terms of the bimodal model, this composition is 
best modelled by a mixture of Archean mafic volcanic and 
tonalite-trondhjemite in the proportions 2:1 (see Table 4.2). Average 
REE patterns of the dominant Archean volcanic lithologies were 
estimated from the literature (Condie and Baragar, 1974; Arth and
1 8 1 .
TABLE 7 . 2  The  c o m p o s i t i o n  o f  t h e  A r c h e a n  c r u s t .
UPPER
CRUST
TOTAL
CRUST
LOWER
CRUST
UPPER
CRUST
TOTAL
CRUST
LOWER
CRUST
S i 0 2 5 8 . 7 5 7 . 2 5 6 . 4
TiO., 0 . 9 0 . 9 0 . 9
A12 ° 3
1 5 . 1 1 5 . 6 1 5 . 9 La 1 9 . 8 1 4 . 0 1 1 . 1
FeOT 8 .  3 9 . 5 1 0 . 1 Ce 4 1 . 7 3 0 . 0 2 4 . 2
MnO 0 . 1 5 0 . 2 0 . 2 P r 4 . 8 8 3 . 6 0 2 . 9 6
MgO 5 . 3 5 . 2 5 . 2 Nd 1 9 . 5 1 5 . 0 1 2 . 8
CaO 6 . 2 7 . 2 7 . 7 Sm 3 . 9 7 3 . 4 0 3 . 1 2
Na2 °
3 . 4 3.  1 3 . 0 Eu 1 . 1 6 1 . 1 0 1 . 0 7
K2 °
1 . 8 0 . 9 0 . 5 Gd 3 . 4 3 3 . 4 0 3 . 3 9
P 9 ° 5 0 . 2 0 . 2 0 . 2
Tb 0 . 5 7 0 . 6 0 0 . 6 2
Dy 3 . 4 0 3 . 8 0 4 . 0 0
Cs - > 0 . 8 5 - Ho 0 . 7 4 0 . 8 1 0 . 8 5
Rb 50 25 13 E r 2 . 1 2 2 . 2 0 2 . 2 4
Ba 23 8 240 24 1 Tm 0 . 3 0 0 . 3 1 0 . 3 2
Pb 6 . 5 6 . 7 6 . 8 Yb 2 . 0 3 2 . 1 0 2 . 1 4
S r 23 8 215 204 Lu 0 . 3 1 0 . 3 2 0 . 3 3
Y 1 8 .  3 2 0 . 0 2 0 . 9
Th 5 . 7 2 . 9 1 . 5
U 1 . 5 0 . 7 5 0 . 3 8 Cr 190 220 235
Z r 150 105 83 V 175 290 348
Hf 4 . 5 3 . 2 2 . 6 Sc 23 28 31
Nb 9 . 0 5 3 . 0 Ni 110 130 140
Co 25 32 36
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Hanson, 1975; Glikson, 1976; Hawkesworth and O’Nions, 1977; Taylor 
and Hallberg, 1977; Fryer and Jenner, 1978; O ’Nions and Pankhurst, 
1978; Sun and Nesbitt, 1978; Whitford and Arndt, 1978; Ewing, 1979; 
Jahn and Sun, 1979; Jahn et al., 1980; Jenner et al., 1981), and a 
grand average was calculated using the lithologic proportions of 
Goodwin (1977). The values of Th, U, Rb, Hf were estimated from the 
ratios K/U=10,000, Th/U=3.8, K/Rb=300, Zr/Hf=33 (see McLennan et al., 
19&0; Taylor and McLennan, 1981b). The values of Sc and Nb were 
derived from the 2:1 mixture of mafic volcanics and 
tonalite-trondhjemite listed in Table 4.2 and Tm, Lu and Y were 
estimated from chondrite-normalized REE plots. Cesium was estimated 
from Figure 7.8 (see below). The composition of the Archean total 
(continental?) crust derived from this analysis is also listed in 
Table 7.2.
The composition of the lower crust could be easily calculated 
from mass balance if the relative thicknesses of the upper and lower 
Archean crust were known. For this study a preliminary value of 1/3 
for the upper crust (by analogy with the present continental crust) is 
adopted and the calculated lower Archean crustal composition is given 
in Table 7.2.
The REE patterns for the Archean upper, total and lower crust are 
presented in Figure 7.6. The Archean upper and lower crusts can be 
related to an upward enrichment of LIL-elements. This is probably 
related to the generation of Archean felsic igneous rocks, many of 
which are generally considered to result from a second stage melting 
of Archean mafic volcanics at mantle depths (e.g. Arth and Hanson, 
1975; O ’Nions and Pankhurst, 1978; Jahn and Sun, 1979). Thus the 
fractionation of the Archean crust is fundamentally different to that 
of the post-Archean crust in that intra-crustal melting is relatively 
minor.
7.4 GROWTH OF THE CONTINENTAL CRUST: GEOCHEMICAL CONSTRAINTS
There is good evidence from the preceeding discussion that there 
was a dramatic change in the composition of the upper crust at the 
Archean-Proterozoic boundary. Furthermore, it is very likely that 
there was also an increase in the area of exposed crust to explain the 
elimination of the Archean upper crustal trace element signature.
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Figure 7.6 Chondrite-normalized REE plots of the average Archean upper, 
total and lower continental (?) crust. Data from Table 7.2. The 
lack of Eu-anomalies suggests that shallow melting was relatively 
unimportant in fractionating the Archean crust.
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This conclusion is founded on the evidence from isotopic data that the 
material responsible for the change in upper crustal composition (Late 
Archean granites and related rocks) is essentially a new addition 
from the mantle with only short-lived crustal residence time (e.g. 
Moorbath, 1976, 1977, 1978; McCulloch and Wasserburg, 1978).
Data collected in this study indicate that there has been no 
change in the composition of the upper continental crust during 
post-Archean times. This further indicates that any additions to the 
post-Archean upper crust must have had a similar composition to the 
upper continental crust itself. On the basis of these premises, it is 
possible to model the ratio of post-Archean to Archean upper crustal 
trace element composition required to eliminate the Archean upper 
crust trace element signature and thus the probable change in area of 
exposed crust. Such modelling has been performed and a manuscript has 
been prepared for publication (McLennan and Taylor, 1981a). A copy of 
this paper is reproduced in Appendix 9.
The modelling, which is best constrained by Eu-anomalies, 
indicate that the area of exposed crust increased at least by a factor 
of 4 at the Archean-Proterozoic boundary. Such a model is also 
supported by Sr-isotopic data. If the constant freeboard model of 
Wise (1974) is adopted and plausible assumptions are made regarding 
the volume of the Archean crust and the degassing history of the 
earth, such modelling further indicates a minimum of 45—65% (and up to 
about 70$) of the continental crust formed during the period 3.2-2.5 
Ae. This further indicates that between 55-75$ (and up to about 90$) 
of the continental crust had formed by 2.5 Ae.
7.5 THE ARCHEAN-PROTEROZOIC BOUNDARY AND PRECAMBRIAN PLATE TECTONICS
Few subjects have been debated as much as the role of plate 
tectonics during the Precambrian, and particularly during the Archean 
(e.g. Kroner (ed.), 1981). In younger rocks, geochemical studies are 
usually used to distinguish tectonic processes, but direct 
extrapolation of modern tectonic geochemical 'fingerprints' to 
Precambrian rocks is clearly equivocal (e.g. Taylor and McLennan, 
1981a; Appendix 9). Thus there remain few well founded facts upon 
which to build models. If we assume that the presence of ophiolites 
is reasonable evidence for modern plate tectonic processes then such
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phenomena are only well documented back to about 1.0 Ae (Fyfe, 1976). 
The Early Proterozoic "Wilson cycle' thought to have been recorded in 
the Coronation Geosyncline of northwestern Canada by Hoffman and 
co-workers (Hoffman, 1973; Hoffman et al., 1974,1977) has been 
disputed by Badham (1976a,b).
Only two definite lines of evidence pertinent to this problem are 
recognized. Firstly, the early earth was hotter due to the higher 
concentration of heat producing elements. The manner in which this 
heat was dissipated at the surface is less clear. A number of authors 
suggest that the early Archean crust was thinner (e.g. Bridgwater and 
Fyfe, 1974; Hargraves, 1976; Fyfe, 1974, 1976, 1978; Collerson and 
Fryer, 1978; Grambling, 1981). Mantle processes would be dominated 
by small rapid convective cells resulting in a very different form of 
plate tectonics, involving relatively small cratonic blocks (Fyfe, 
1974, 1978). It has been suggested, in fact, that the tectonic break, 
recorded at the Archean-Proterozoic boundary may be a result of 
changing geotherms due to a cooling earth (Strong and Stevens, 1974).
The palaeomagnetic data provide another very important line of 
evidence although this is presently available only back to the base of 
the Proterozoic. There seems to be a consensus that during much of 
the Proterozoic, orogenic belts did not form from the convergence of 
widely separated cratonic blocks (Irving and McGlynn, 1976; Piper, 
1976a,b; McElhinny and Embelton, 1976; McElhinny and McWilliams, 
1977; Morris et al., 1979). Oceans of up to 500-1,000 km wide could 
have formed but the cratons would have to close to their original 
position. There were probably a few very large continental blocks. 
The apparent polar wander paths do indicate that continental drift was 
occurring on a fairly large scale and it appears probable that some 
form of ocean crust ’digestion' was occurring to accommodate this 
movement. McElhinny and McWilliams (1979) have suggested that plate 
tectonic processes "matured" through earth history.
There is compelling evidence for a major episodic, though 
non-synchronous, chemical and structural evolution of the continental 
crust related to the Archean-Proterozoic boundary. A change from 
small-scale vigorous "hot spot tectonics" (using the terminology of 
Fyfe, 1978) involving relatively small cratonic blocks to a form of 
tectonics involving linear subduction at the borders of large
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Continental blocks may also be indicated for this period. There seems 
to be some agreement that large, relatively stable continents are a 
prerequisite for the modern linear style of plate tectonics to 
proceed. It seems quite possible that the stability and size of 
continental blocks, required for modern plate tectonic processes to 
proceed, was achieved during the crustal evolution associated with the 
Archean-Proterozoic boundary.
7.6 TIMING AND RELATIONSHIPS AMONG PRECAMBRIAN CRUSTAL AND ATMOSPHERIC 
EVOLUTION AND BANDED IRON-FORMATIONS
Current thoughts on the early history of the earth have been 
greatly influenced by the models of Cloud (1972, 1976). These models 
have attempted to explain the evolution of the atmosphere, 
hydrosphere, biosphere and crust of the earth. In developing these 
models, much significance has been placed on the occurrence and origin 
of early Precambrian iron-formations. The results from this study as 
well as recent advances in the fields of geochemistry, isotopic 
analyses and sedimentology have direct implications on our 
understanding of these relationships. A paper has been published 
which explores the implications of these data for the origin of 
Precambrian iron-formations and the evolution of the composition of 
the atmosphere (McLennan, 1980). A copy of this paper is reproduced 
in Appendix 9 and a brief summary of its conclusions follows.
It seems fairly well established that the Early Precambrian 
atmosphere and hydrosphere were deficient in free oxygen. Exact 
levels are not known but upper limits on the partial pressure of 
oxygen of 10exp-7 to 10exp-3 atm may be set for the atmosphere on the 
basis of rates of uraninite oxidation (Grandstaff, 1974, 1980). 
Significant quantities of oxygen were introduced into the 
atmosphere-hydrosphere system between 2.6-2.3 Ae. The precise amount 
of oxygen added is not known, but it was enough to allow frequent 
production of oxidized species. Radiometric ages indicate that very 
large (Superior-type?) iron-formations occurred well before and well 
after the time of oxygen introduction.
With the present understanding of Precambrian crustal, 
atmospheric and hydrospheric evolution, a tentative hypothesis for the 
development of Early Precambrian iron-formations can be proposed.
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Prior to about 2.3 Ae, under conditions of very low oxygen activity in 
the deeper oceans, dissolved Fe+2 could have been present in 
appreciable quantities. At this time, precipitation of 
iron-formations (mainly magnetite-chert) commonly occurred. Owing to 
the unstable nature of depositional sites (greenstone belts), these 
iron-formations were typically relatively thin, of small lateral 
extent, and restricted to breaks in sedimentation and volcanism. 
Rarely, when large, relatively stable basins formed during the 
Archean, such as in the Pilbara of Western Australia, extremely large 
iron-formations, comparable to Early Proterozoic examples, could 
accumulate.
Near the end of the Archean (earlier in South Africa), a dramatic 
crustal event occurred which resulted in a fundamental change in 
crustal composition. This was also a period of major crustal growth. 
Probably coeval with this, the continents stabilized on a large scale 
allowing the formation of large, relatively stable epicontinental 
basins. As these basins developed, major accumulations of 
iron-formation could occur during periods of minimal clastic influx. 
In general, conditions were analogous to carbonate and evaporite 
deposition.
Sometime before about 2.3 Ae, significant amounts of oxygen were 
introduced into the atmosphere and hydrosphere, resulting in an 
unstable ocean chemistry due to the presence of large quantities of 
reduced iron. The amount of Fe+2 added to the oceans decreased 
significantly after this time. Deposition of large iron-formations 
continued after the introduction of oxygen until the large ocean 
reservoirs of Fe were extracted. The time span of the activity could 
have been as much as 300-450 million years. After about 2.0-1.85 Ae 
there was insufficient dissolved iron in the oceans (or it was at too 
great a depth) to allow further development of such deposits.
7.7 THE ANDESITE MODEL REVISITED 
7.7.1 Introduction
Present-day growth of the continental crust probably results from 
the accretion of island-arc material onto the continental crust 
(Taylor, 1967). It has been on the basis of this model that the bulk
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composition of the continental crust is considered equivalent to 
average andesite since that appears to be the most abundant lithology 
in such tectonic settings (e.g. Taylor, 1977). Quite recently, there 
have been suggestions that the actual bulk composition of island-arcs 
may be more mafic than andesite, on account of the previously 
unrecognized importance of basaltic rocks in island-arcs (e.g. 
Arculus, 1981). These suggestions have yet to be tested adequately.
From this study, and others, it is clear that most of the growth 
of continents occurred during a relatively short interval during the 
Late Archean. The mechanism whereby this growth took place is not 
certain but there is no a priori reason to assume it was related to 
island-arc volcanisra. This conclusion is based on 'the extremely rapid 
rates of crustal growth (>10 times present) inferred for the Late 
Archean, which are unlike those seen in any modern island-arcs and the 
general uncertainty of the tectonic processes during the Early 
Precambrian. It is not unreasonable to suggest that an andesite 
composition can only be applied to crustal additions during the past 
2.5 Ae (and perhaps even less) and that it is inappropriate for a bulk 
crust model composition.
7.7.2 Average Andesite
Taylor (1977) recently reported an average composition of the 
continental crust, based on the andesite model. During the past 
several years, this model composition has been refined and the most 
recent estimate of the composition of the bulk continental crust, 
based on the andesite model, was reported by Taylor and McLennan 
(1981b). These data are listed in Table 1.1 of this study and in 
Table 1 of Taylor and McLennan (1981b).
7.7.3 The Archean Crust
The exact mechanism for the massive growth of the continental 
crust, just prior to the end of the Archean, is unknown. A viable 
candidate for this growth may be the widespread volcanic activity, 
presently preserved in Archean greenstone belts, which was very common 
on most shield areas during the period 2.8-2.6 Ae (earlier in South 
Africa) (e.g. Salop, 1977; Windley, 1977). Thus it is suggested 
that the composition of the continental crust, which developed prior
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to about 2.5 Ae, and which may comprise some 70-90$ of the entire 
continental crust, has a bulk composition equivalent to the average 
Archean volcanic rock. Such a composition was estimated in Section 
7.3.2 and is listed on Table 7.2. It should be noted that this 
composition is considerably less well founded than the average 
andesite (Taylor, 1977).
7.7.4 Discussion
It is important to determine how this model compares with the 
andesite model since major differences could affect many of the 
concepts of crustal evolution presently held. To estimate the bulk 
composition of the present-day continental crust it is suggested that 
80$ of the crust grew through the addition of Archean volcanics and 
20$ of the crust resulted from the accretion of island-arcs of 
andesitic composition (on average). This is termed the ’Archean 
Model’. The andesite model and Archean model crustal compositions are 
compared on Figure 7.7. The most striking feature of this comparison 
is that the Archean model predicts much higher Cr and Ni abundances. 
It is concluded from this comparison that these elements have been 
underestimated in previous crustal models, which relied on the 
andesite model, by a factor of about 3. The major elements are 
predicted more or less equally with the exceptions of K and Mg. These 
elements are overestimated and underestimated, respectively, by a 
factor of about 1.5 in the andesite model. Except for Cr and Ni, the 
other trace element data compare reasonably well although many of the 
LIL-elements are higher in the andesite model composition. None are 
enriched by more than a factor of 1.5.
In Figure 7.8, the incompatible elements are plotted, normalized 
to the primitive mantle composition (from Table 1 of Taylor and 
McLennan, 1981b; Appendix 9). The elements are listed in decreasing 
degree of incompatibility as suggested by the normal type mid-ocean 
ridge basalt (N-type MORB) data (Sun et al., 1979). The anomaly at Nb 
indicates that the degree of incompatibility of this element, 
suggested by crustal composition, is very different to that indicated 
by the MORB data. The REE and other incompatible elements from about 
Nd to Yb are in essential agreement for the two models. This even 
extends to the magnitude of Ti-depletion. The Rb/Sr ratios are about 
equal with the andesite model having Rb/Sr=0.11 and the Archean model
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Figure 7.7 Comparison diagram of the composition of the continental 
crust predicted by the Archean model and andesite model. Note the 
enrichment of Cr and Ni in the Archean model.
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Figure 7.8 Plot of incompatible elements, normalized to the composition 
of the primitive mantle (Taylor and McLennan, 1981b), for the andesite 
model and Archean model. The order of incompatibility is determined 
by the order of depletion in normal mid-ocean ridge basalts (Sun et 
al., 1979). The Archean model has lower abundances of the highly 
incompatible elements with the most incompatible, such as Cs (estimated) 
and Rb being lower than the andesite model by a factor of about 1.5.
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having Rb/Sr=0.12. The Sm/Nd ratios are also virtually identical. As 
elements become more incompatible, there is a divergence of the 
patterns with Rb and Cs (estimated), among the most incompatible, 
being 1.5 times lower in the Archean model.
The average composition of the Archean crust is based on 
considerably fewer samples than that of the andesite model and the 
sampling is more restricted geographically. Thus some differences 
could be related to uncertainty in estimating Archean crustal 
composition. Resolution of this question must await further sampling 
of Archean rocks. It seems likely that the bulk composition is 
slightly more mafic (ie.- less LIL-enriched) than predicted by the 
andesite model. On the other hand it may be premature to abandon the 
andesite model, except for Cr and Ni, until more data are available.
7.3 CRUSTAL RECYCLING: EVIDENCE FROM SEDIMENTARY REE PATTERNS
A longstanding problem in crustal evolution studies has been the 
role of recycling of crustal material (notably sediments) through the 
mantle. Particularly important to modern studies is the amount of 
sediment incorporated into the subducted slab and involved in the 
generation of island-arc igneous rocks. Estimates of the amount of 
sediment vary from 0$ to about 20%; the exact value is crucial. For 
example, if no continental material is recycled into the mantle, then 
it is likely the continents have grown through time in a continuous or 
quasi-continuous fashion (e.g. Moorbath, 1977, 1978). On the other 
hand, if significant amounts of continental material are recycled into 
the mantle, then models invoking very early formation of the 
continental crust are valid (e.g. Armstrong, 1969, 1981; Fyfe, 
1978).
The unique nature of post-Archean sedimentary REE patterns allows 
a readily testable constraint to be placed on the amount of sediment, 
of continental origin, that may be involved in the generation of 
island-arc volcanics. Sedimentary rocks are characterized by a 
negative Eu-anomaly and if substantial amounts of sediment are 
involved in the source of island-arc volcanics, it would impart a 
detectable Eu-anomaly. It is well established that volcanic rocks of 
mantle origin, which have not suffered secondary fractionation 
processes, are not anomalous with respect to Eu (Bence et al., 1980,
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1981) .
A paper has been prepared and accepted for publication which 
explores these constraints (McLennan and Taylor, 1981b). A copy of 
this manuscript is reproduced in Appendix 9.
The amount of sediment which can be accomodated into the source 
of island-arc basalts without imparting a detectable negative 
Eu-anomaly is dependant on the dominant source of island-arc rocks 
under consideration. This question is a matter of considerable 
controversy (e.g. Perfit et al., 1980; Kay, 1980; Arculus, 19Ö1; 
Arculus and Johnson, 1981). The constraints may be summarized as 
follows:
1) <10$ sediment for a MORB source.
2) <1$ sediment for a primitive mantle or single stage depleted mantle 
source.
3) <0.1-0.3$ sediment for a two stage depleted mantle source.
7.9 CRUSTAL COMPOSITION AND TERRESTRIAL DIFFERENTIATION
It is well known that there is a general correlation between the 
level of enrichment of incompatible elements in the continental crust 
and their level of depletion in ocean basalts being erupted at 
mid-ocean ridges (N-type MORB) (e.g. Gast, I960, 1968; Sun et al., 
1979). This observation leads to the obvious suggestion that the 
continental crust has developed through extraction of LIL-enriched 
material from the mantle during one or more stages of partial melting 
(e.g. Ringwood, 1975). The idea of crust extraction from the mantle 
is also strongly supported by isotopic arguments (e.g. Moorbath, 
1978; Tatsumoto, 1978; McCulloch and Wasserburg, 1979; 0'Nions et 
al., 1978b, 1979; Jacobsen and Wasserburg, 1979; Wasserburg and 
DePaolo, 1979).
A major concern revolves around the question of how much of the 
mantle has been involved in crustal fractionation processes. Ringwood 
(1975) suggested, on the basis of chemical and petrological arguments, 
that about 70$ of the mantle had been differentiated bvj crust
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formation. This was later revised to 30-60% (Ringwood, 1977). On the 
basis of isotopic and geochemical evidence, a value of 50% (O'Nions et 
al., 1979) and as low as 30% (Jacobsen and Wasserburg, 1979) have been 
indicated.
If we assume that interelement ratios of highly incompatible 
elements in MORB are approximately equivalent to MORB source and the 
LIL-depletion in average N-type MORB (Sun et al., 1979) reflects the 
extraction of the continental crust, it is possible to constrain the 
proportion of mantle required as the source of continental crust. On 
Table 7.3 the average composition of N-type MORB is estimated for 
several incompatible elements. These values are derived from Kay and 
Hubbard (1973), Sun et al. (1979), Wood (1979) and McLennan and 
Taylor (1981b). Also presented is the estimate, from Wood (1979), for 
the composition of average N-type MORB mantle source. These two 
compositions are compared in Figure 7.9, where they are normalized to 
the composition of the primitive mantle (Taylor and McLennan, 1901b) 
and further normalized to Yb=1.00, to facilitate comparison. It can 
be seen that these compositions have nearly identical interelement 
ratios for incompatible elements (e.g. Cs/Yb, La/Yb, etc.). The 
slight discrepencies which do exist can be explained partly by slight 
differences in the average MORB composition adopted by Wood (1979). 
The interelement ratios of incompatible elements from the nodule data 
are also essentially in agreement (e.g. Jagoutz et al., 1979). Thus 
it can be safely concluded that MORB faithfully reflects its source 
composition for the highly incompatible elements.
In Figure 7.10 the composition of the crust, predicted by the 
andesite model, is compared to average MORB on a primitive mantle-, 
Yb=1.00-normalized diagram. Also shown are the expected patterns of 
the incompatible elements in the mantle for various values of mantle 
involvement. It can be seen that less than about 50%, and probably 
closer to 40% of the mantle has been involved in crust formation.
It has been argued in previous sections, that it is quite 
probable that much of the continental crust grew during the Late 
Archean and that Archean volcanics may be a more appropriate 
composition for much of the continental crust. On Figure 7.10, 
calculations are also presented for a crustal composition predicted by 
the Archean model. For this crustal composition, it is necessary for
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TABLE 7 . 3  I n c o m p a t i b l e  e l e m e n t s  i n  m i d - o c e a n  r i d g e  b a s a l t s  (MORB) 
an d  MORB m a n t l e  s o u r c e  ( i n  p p m ) .
MORB* MORB s o u r c e +
Cs 0 .0 1 5 0 .0 0 1 3
Rb 1 .0 0 . 1
Th 0 .2 0 .0 2
La 2 . 6 0 .3 1
Nd 7 . 8 0 .8 6
Gd 4 . 3 0 .4 6
Yb 3 .7 0 .4 0
N o t e s :
* -  f rom  Kay an d  H u b b a rd  (1978) , Sun e t  a l .  (1979) , Wood (1979) , 
McLennan and T a y l o r  ( 1 9 8 1 b ) .
+ -  f rom  Wood ( 1 9 7 9 ) .
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Figure 7.9 Plot of several incompatible elements, normalized to the 
primitive mantle and to Yb = 1.00, for average normal mid-ocean 
ridge basalt (N-type MORB) and N-type MORB source (see text for 
data sources). The similarity of the patterns suggest that inter­
element ratios of incompatible elements in the mantle source of 
MORB are reflected in MORB composition.
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Figure 7.10 Plot of several incompatible elements, normalized to the 
primitive mantle and Yb = 1.00, for average MORB and continental 
crustal compositions predicted by the andesite model and Archean 
model. Also shown are the expected patterns of the mantle (heavy 
lines) for various proportions of mantle involvement in the genera­
tion of the continental crust. From these data, it is suggested 
that the crust was extracted from no more than 25-40% of the mantle.
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less than about 30$ of the mantle to be involved in continental crust 
formation to explain the LIL-element compliment of MORB.
From this discussion, it is concluded that the amount of mantle, 
which has been involved in crust formation (assuming MORB reflects the 
depleted mantle component) is well constrained to between 25-40$, 
regardless of the crustal model adopted. These values are in 
essential agreement with the isotopic constraints of Jacobsen and 
Wasserburg (1979).
A final comment is appropriate on the timing of mantle depletion. 
If the crust is derived from the mantle and LIL-depleted ocean basalts 
are derived from the depleted mantle then the models presented in this 
study predict a major mantle depletion event during the Late Archean. 
This possibility was indicated by Sun et al. (1979). Appropriate 
tests of this suggestion may lie in isotopic analyses (particularly 
Nd-isotopes) of Early Proterozoic mantle-derived rocks.
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CHAPTER 8 
CONCLUSIONS
The major purpose of this thesis has been to examine the trace 
element composition of fine-grained clastic sedimentary rocks in 
relation to the composition, growth and evolution of the continental 
crust. The major conclusions, which have been reached, may be 
summarized as follows:
1) The distribution of trace elements, which have low solubility in 
natural waters and are relatively unaffected by processes such as 
weathering, physical sorting, diagenesis and metamorphism are useful 
for inferring the composition of the upper continental crust. 
Examination of post-Archean shales indicates that the distributions of 
the rare earth elements (REE), Th and Sc are particularly valuable.
2) The average REE content of the present-day upper continental crust, 
inferred from the sedimentary data, has total REE=146 ppm, La/Yb=13.6 
and Eu/Eu*=0.65. The Eu-depletion in the upper crust is probably 
related to retention of Eu in calcic plagioclase in the lower crust. 
Since Ca-rich plagioclase is unstable below about 40 km, this 
depletion is of intracrustal origin. For reasonable models of bulk 
crust composition, a positive Eu-anomaly in the lower crust is 
predicted. The REE pattern is consistent with a granodioritic 
composition for the upper continental crust. Such a composition is 
indicated by the large scale sampling programs in the Canadian Shield.
3) There has been no significant change in the composition of 
fine-grained clastic sedimentary rocks, during the post-Archean, which 
can be related to changes in the composition of the upper continental 
crust. This suggests a uniform crustal composition during that time.
4) A correlation between La and Th exists in post-Archean shales with
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average La/Th=2.8±0.2. From this, an upper crustal Th concentration 
of 10.7 ppm can be obtained directly from the sedimentary data. Using 
reasonable assumptions of certain element ratios in the upper crust 
(K/U=10,000, Th/U=3.8, K/Rb=250) the following upper crustal 
abundances can also be obtained: K=2.8%, Rb=112 ppm, U=2.8 ppm.
5) The trace element composition of Archean sedimentary rocks can be 
explained in terms of mixing of two chemical components which are 
probably Archean mafic volcanics and felsic igneous rocks. Compared 
to post-Archean shales, Archean shales are depleted in most 
incompatible elements and enriched in ferromagnesian elements, notably 
Cr and Ni.
6) The average REE pattern of exposed Archean crust, derived from the 
sedimentary data, has total REE=104 ppm, La/Yb=9.8 and Eu/Euv=0.96. 
The lack of a significant negative Eu-anomaly indicates that shallow 
(intracrustal) melting was of minor importance in differentiating the 
Archean crust. This differs fundamentally from the post-Archean.
7) There is also a correlation between La and Th in Archean shales 
with the average La/Th=3• 5±0.3. This allows an upper crustal Th 
abundance of 5.7 ppm to be calculated. Assuming certain element 
ratios for the Archean upper crust (K/U=10,000, Th/U=3.8, K/Rb=300), 
the following Archean upper crustal abundances can also be estimated: 
K=1.5$, Rb=50 ppm, U=1.5 ppm. Other Archean upper crustal abundances 
can be obtained from appropriate mixtures (derived from REE modelling) 
of average Archean mafic volcanics and felsic igneous rocks.
8) A change in composition of the upper crust at the 
Archean-Proterozoic boundary can be related to widespread K-rich acid 
igneous activity during the late Archean. This change, while 
essentially episodic at any one place, was nonsynchronous on a global 
scale and lasted from about 3.2 to 2.5 Ae. Effective removal of the 
Archean upper crustal trace element signature in sedimentary rocks at 
the Archean-Proterozoic boundary indicates a massive increase in area 
of exposed crust during the Late Archean. This is also consistent 
with large scale crustal growth at that time.
9) A plausible model for the composition of the continental crust is 
one derived from 80$ average Archean volcanics and 20^ calc-alkaline
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andesites. Such a composition is depleted in highly incompatible 
elements and enriched in Cr and Ni when compared to an andesite model 
of crustal composition.
10) The maximum amount of sediment, with typical post-Archean REE 
characteristics, which can be accomodated in the source of island arc 
volcanics without imparting a detectable Eu-depletion is <10% for a 
MORB source, <1 % for a primitive mantle or single stage depleted 
mantle source and <0.1—0.3% for a two stage, highly depleted mantle 
source.
11) Modelling of crustal and mantle compositions indicate the 
continental crust has been extracted from no more than 25—40% of the 
mantle.
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APPENDIX 1
RARE EARTH ELEMENTS IN THE SEDIMENTARY CYCLE*
A1.1 INTRODUCTION
The Group IIIB elements lanthanum (Z=57) to lutetium (Z=71) are 
termed the rare earth elements (REE). Yttrium (Z=39) exhibits 
geochemical properties similar to the heavier rare earths 
(particularly Ho) and is commonly included with them for discussion. 
A number of important chemical and physical properties of the REE and 
Y are presented in Table A1.1. The lanthanide series (excluding Y) is 
developed through the filling of the 4f orbital which is shielded by 
the filled or partially filled 5s, 5p, 5d and 6s orbitals. The
valence electron configuration remains unchanged. As the 4f orbital 
is filled, there is an increase in nuclear charge resulting in a 
contraction of covalent, ionic and crystal radii across the lanthanide 
series. This is termed the 'lanthanide contraction’ and is an 
extremely important property in understanding fractionation of the 
rare earth elements during geological processes.
For the most part, the REE appear to occur with a +3 oxidation
state, resulting in crystal radii (in 8-fold coordination) closest to
Ca+2 (CR=1.26A) and Na+ (CR=1.32A) of the major cations. Perhaps due 
to charge imbalance, substitution for Na does not appear to normally 
occur. The light rare earth elements (La-Sm) tend to be excluded from 
common rock forming minerals during igneous processes due to large 
radius and high charge. Thus they are included in the group of
incompatible or large ion lithophile (LIL) elements. The heavy rare
earth elements (Gd-Lu) are somewhat more compatible with the common 
rock forming minerals. Haskin and Paster (1979) and Hanson (1980)
recently reviewed rare earth element behavior in igneous systems.
* - References are included with main reference list (p.200).
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The elements Eu and Ce can also possess +2 and +4 oxidation 
states, respectively, in geological systems. This results in Eu+2 
(CR=1.39A) preferentially substituting for Sr+2 (CR=1.40A), 
particularly in feldspars (Schnetzler and Philpotts, 1970) and Ce+4 
(CR = 1.11A ) being preferentially incorporated in manganese nodules (see 
below).
A1.2 NORMALIZING REE PATTERNS
The distribution patterns of the REE generally correspond closely 
to the Oddo-Harkins rule, making plots of REE abundances versus atomic 
number or ionic radius difficult to interpret (Fig. A1.1). To avoid 
this, it has become customary to present REE data on plots of 
normalized abundances versus atomic number (or ionic radius, if 
desired). This allows clear presentation of interelement REE 
fractionation and anomalous behavior of any individual element. 
Masuda (1962) and Coryell et al. (1963) suggested normalizing REE 
abundances to chondritic meteorites. This has become the general 
usage and diagrams incorporating such normalization are termed 
'Masuda-Coryell plots'. The philosophy behind using average 
chondritic meteorites is that these values may represent initial solar 
nebula and also that the bulk composition of the earth may have near 
chondritic proportions. The advantage of such plots is demonstrated 
in Figure A1.1. The REE content of average shales is also used for 
normalizing data since these values are thought to be representative 
of upper continental crustal abundances (see below). The two sets of 
values commonly employed are NASC (North American Shale Composite) 
recently reanalysed and reported by Haskin and Paster (1979) and PAAS 
(Post-Archean Average Australian Shale - an average of 23 shales of 
post-Archean age) reported by Nance and Taylor (1976). The values 
employed throughout this study (unless otherwise noted) are listed in 
Table A1.2.
A1.3 REE IN NATURAL WATERS
REE abundances in natural waters are extremely low (Table A1.3; 
Figs. A1.2 and A1.3)- Haskin et al. (1966) estimated the entire 
mass of REE in the oceans is equivalent to that in about a 0.2 mm 
thickness of sediment of the same areal extent. The REE patterns of
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SEDIMENTARY ROCK
C H O N D R  ITE
SEDIMENTARY ROCKi oo
Sm Eu Gd Tb Dy Ho Er Tm Yb LuLa Ce Pr Nd
a t o m i c  n u m b e r
Figure Al.l Upper diagram. Plot of absolute abundances of the REE 
for typical chondrite and sedimentary rock. It is difficult to 
compare these patterns except to note the higher abundances in the 
sedimentary rock. Lower diagram. Plot of REE in the sedimentary 
rock, normalized to the chondritic meteorite. In this diagram, 
the LREE-enrichment and negative Eu-anomaly in the sedimentary rock 
are obvious.
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TABLE Al.2 REE concentrations (in ppm) in average Cl chondrites,
chondrites and sedimentary rocks used for normalization.
AVG.C1* CHONDRITE** PAAS***
La 0.2446 0.367 38
Ce 0.6379 0.957 80
Pr 0.09637 0.137 8.9
Nd 0.4738 0.711 32
Sm 0.1540 0.231 5.6
Eu 0.05802 0.087 1.1
Gd 0.2043 0.306 4.7
Tb 0.03745 0.058 0.77
Dy 0.2541 0.381 4.4
Ho 0.05670 0.0851 1.0
Er 0.1660 0.249 2.9
Tm 0.02561 0.0356 0.40
Yb 0.1651 0.248 2.8
Lu 0.02539 0.0381 0.43
* - average Cl chrondite (Evensen et al., 1978). The value for Tb
was reported as 0.3745 ppm. It is assumed that this is incorrect
and the actual value is 0.03745 ppm.
- average Cl chondrite (column 1) multiplied by 1.5 to allow for 
removal of volatiles.
- Post-Archean average Australian shale (Nance and Taylor, 1976).* * *
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TABLE Al. 3 REE in some natural waters (in pptr).
Pacific Atlantic Pacific Avge. Estuary River
Ocean Ocean Ocean Ocean
(1) (2) (3) (4) (5) (6)
La 2.9 3. 3 5.09 3.76 6.5 47.5
Ce 1.3 1.2 2.84 1.78 10.9 79.0
Pr 0.64 0.63 - - 1.2 7.3
Nd 2.3 2.7 3.53 2.84 7.3 37.9
Sm 0.44 0.44 0.658 0.51 - 7.8
Eu 0.11 0.13 0.156 0.13 0.25 1.48
Gd 0.61 0.68 0.908 0.73 1.4 8.5
Tb - 0.14 - - 0.19 1.24
Dy 0.73 0.89 0.984 0.87 - -
Ho 0.22 0.22 - - 0.26 1.44
Er 0.61 0.85 0.974 0.81 - 4.2
Tm 0.13 0.17 - - - 0.61
Yb 0.52 0.80 0.935 0.75 1.0 3.64
Lu 0.12 0.15 0.165 0.145 0.18 0.64
1. Goldberg et al., 1963.
2. Hogdahl et al., 1968 (assuming 25°C; 35gkg  ^salinity; p=l.02323).
3. Masuda and Ikeuchi, 1979.
4. Avge. of 1, 2 , 3.
5. Martin et al. , 1976 - avge. of 2 samples (7.0°4o salinity and
28. 3%, salinity; p^l.02.
6. Martin et al., 1976.
-* p/9/?r-5 7V? /xx IQ ,y
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A TL AN X10000
PACIF X10000
PACIF X10000
0 .01_
OCEAN WATER
La Ce Pr  Nd Sm Eu Gd Tb Dy Ho Er  Tm Yb
Figure A1.2 Chondrite-normalized REE plots of ocean waters. Data 
from Table A1.3. Note the negative Ce-anomaly and the low (Gd/Yb)^ 
ratios (compared to sedimentary rocks - see Section A1.7). Note 
that concentrations have been multiplied by 10,000.
FRESH WATER
RIVER X10000
EST' Y X10000
0.01
Sm Eu Gd Tb Dy Ho Er  Tm YbLa Ce Pr
Figure A1.3 REE plot of fresh water and water from estuaries. Data 
from Table A1.3. Note the lack of Ce-anomaly and higher (Gd/Yb)^, 
compared to ocean water. Note that concentrations have been 
multiplied by 10,000.
236.
normal ocean waters (Fig. A1.2) are significantly enriched in the 
heavy REE relative to light REE, when compared to sedimentary rocks 
(ie.- low Gd/Yb ratios). Ocean waters are also anomalously depleted 
in Ce - a reflection of preferential incorporation in manganese 
nodules (see below). On the other hand, river waters show very 
different REE characteristics (Table A1.3; Fig. A1.3), with the 
relative REE pattern being similar to typical shales. The cause of 
the fractionation of Ce and HREE from river waters to ocean water is 
thought to be due to the removal of authigenic and biogenic marine 
phases (Piper, 1974a).
The source of REE for marine waters is a matter of considerable 
uncertainty. On the basis of elemental abundances and flux rates, 
Piper (1974a) suggested that mixing models for various ocean phases 
(authigenic phases, pelagic sediments, etc.) pointed to a mixture of 
shalerbasalt of 98:2 for La and 75:25 for Eu to Lu. However, mass 
balance calculations on estimated input and accumulation rates only 
agreed to within a factor of about 12.
Another approach to this problem is through examining Nd-istopes 
(l43Nd/l44Nd) of seawater itself and of marine phases (DePaolo and 
Wasserburg, 1977; O'Nions et al., 1978a; Piepgras et al., 1979; 
Piepgras and Wasserburg, 1980). Tables A1.4 and A1.5 summarize some 
of the Nd-isotopic data for seawater and various marine phases. There 
is considerable scatter for 6(Nd) and T(Nd-CHUR) among various ocean 
resevoirs, where 6(Nd) represents deviations in parts per thousand of 
l43Nd/l44Nd from a chondritic evolution curve (as measured today) and 
T(Nd-CHUR) represents the model age assuming the bulk earth Nd and Sm 
characteristics of DePaolo and Wasserburg (1976a,b) and O’Nions et al. 
(1977). These data clearly indicate that the Nd in different ocean 
masses was not derived from the same resevoir (Piepgras et al., 1979; 
Piepgras and Wasserburg, 1980). A corollary to this is that the 
mixing times for the ocean masses ar* greater than the residence time 
for Nd (Piepgras et al., 1979; Piepgras and Wasserburg, 1980). In 
terms of defining the source of REE in seawater, the data are 
equivocal. If one assumes a two component mixture of average upper 
continental crust (6(Nd)=-17) and ocean basalt (MORB; 6(Nd)=+10) then 
16/6 MORB and 84% continental crust explains the Atlantic Ocean 
Nd-isotopes (€(Nd)=-11.8) while a mixture of 51% MORB and 49% 
continental crust explains the Pacific Ocean data (G(Nd)=-3.1)
TA
BL
E 
Al
.4
 
Nd
-i
so
to
pi
c 
ch
ar
ac
te
ri
st
ic
s 
of
 s
ea
 w
at
er
 a
nd
 m
ar
in
e 
ph
as
es
.
237
P '
4-1
OO
i—i
0) CN CN CN CN CN CN 1—t r—1 rH rH 1—1 1—1 ro i—1 i—1 »—i i—1
a v.
Cn
5h
P
P
ro I—1 VO CO OO o i—1 CN ro
U
d)
CD uo ro CD ro CN p~ ro ro p~ p~ CD
'O  2 < . 1 • . . . . . , , CD
2  u '—" rH i—i i—1 1 1 rH O 1 1 O o 1 i—1 rH o CN cd
Eh 2
"O
g
vo vO 140 ao p - p - U0 uo P" VO uo VO
UJ
o
• • • • • • • • • • t . . 1—1
X-—* o . o . o . o , o . o , o , o , o , ro VO O  , uo o , o o o
O +  1 +  1 +  1 +  I +  1 +  1 . + 1 +  1 +  1 • +  1 +  1 +  1 +  1 cd"— OO rH uo vO r - i—i 00 ro CN CN CO VO ro 00 P4"C • • . . . . c—1 . . . 1 i 1 . d)
2 o ro ro ro CO ro 1 ro CN CN O0 VO uo o Q
w 1—1 
1
i—1 
1
i—1 
1
i—1
■
1 rH
|
1 1 1 1 1 1 rH
1
ro
Td o CN ro p - p - P - VO U0 U0 vO o CO OO
cn CN cn CN , ro r o , CN , CN , ro ro CN CN ,
+  1 +  1 +  1 + 1
,
+  1 +  1 A 1 +  i +  1 +  1 +  1 +  1 +  i Ovo ro o uo vO uo CN CN 00 cn VO uo OO o P- r—1 00
r—1 p~ vo 140 ro UO "VP rH rH rH uo VO OO o VO 00 O0
\ CN 1—1 i—1 rH ro rH CN VO p - P~ r - ' VO ro ro UO UO CN 1—1
03 i—i rH i—1 rH i—1 i—1 i—1 rH i—i rH i—i rH i—l rH rH rH i—1
2 i—i i—1 rH rH i—1 i—1 i—1 i—1 rH rH rH rH i—l i—1 i—1 rH i—1 v.
ro UO 140 140 UO uo UO UO U0 UO UO U0 U0 uo U0 UO UO uo Cn
• • . . • . • . . • • • • • • . Q
i—1 o o o o o o o o O o o o o o o o o P
rQ
5h
d)
CO
CD
cd
2
TS
§
CD
cd
Sh
,—. Cn
d) a
c d)
•H •H
n P4
4-1
CD
P ,—^
U CN
,—^ cd
00 ,__* rH
II uo .—„ -----
c II uo
— 1 q rH II d).—. —■ 1 c CD i—1
1—1 1—1 CN ro 1—l CN cd CN CO 0) i—I P •
1 1 I 1 1 1 a) II cd o rH P TO OO
r—1 CN (N CN ro i—i £ 0) p CD a TS O p~
1 1 1 1 1 1 p rH d) rd O 2 OOro ro ro ro ro ro TJ p rH 0 2 rH
vd VO vO vO VO vO 0 rH CN ro TJ P 2 d)
w w W W W W 2 1 1 1 1 O >. rO d) CDu u o U D u & £ 2 2 CD 0 0) CD d) .o o o O o o c CO CO CO CO •H 2 CD d) q rH
cd CD U d) q c3 cd
CD CD rQ (1) q c3 Cn
q a) Cl) CD cd cn q 4-1Q CO • - q a CD Cn q d d)
cu Cn 5H q q d 24-1 S 0) Co Ä d d 2 CDcd CO 4J q CD Cn 2 cd • • Cd
2 2 c0 •H q cd t CD V4
£ 2 p d o d) •H CD Cnu a 2 •H CO d) a a
•rH •H U o u 4-1 C c <D4-1 4-1 ■H •H •H q Ü cd o d) •H
s £ 4h 4h 4H u •H Q a(0 CO •H •H •H •H cd 4-1 d) d)
rH i—1 a U Ü TO 4-> O 44 4H4-1 4-1 CÖ cd cd q q U cd d) ___,< Or 04 PH H < CO P PS rH
TA
BL
E 
Al
.5
 
Su
mm
ar
y 
of
 N
d-
is
ot
op
ic
 c
ha
ra
ct
er
is
ti
cs
 o
f 
va
ri
ou
s 
oc
ea
n 
ma
ss
es
.
238
239.
(Piepgras et al., 1979). Alternatively, the data can be explained by 
having all the Nd derived exclusively from continental crust of 
different ages (Piepgras et al., 1979). This last suggestion has some 
merit since there appears to be a correlation between seawater 
Nd-isotopes and the age of the surface rocks of the major drainage 
basins for rivers flowing into the various oceans (Snead, 1972). For 
example, the Pacific Ocean, with the highest S(Nd) and lowest 
T(Nd-CHUR) is fed by rivers almost exclusively draining Mesozoic to 
Cenozoic rocks while the Atlantic Ocean is fed by rivers draining 
mainly Paleozoic and Precambrian rocks. An obvious test of these 
alternatives is to examine the Nd-isotopes characteristics of waters 
from some of the major rivers feeding various oceans.
Martin et al. (1976) have emphasized the importance of the 
river-ocean interface in considering REE supply to the oceans. In the 
case of the Gironde River, they noted that REE are removed from 
solution as river water reached the estuarine environment with 
preferential loss of LREE earlier on (Table A1.3). About 50$ removal 
of REE was noted for the Gironde River, however, considerable 
turbidity resulting in very efficient scavenging suggests this value 
may be too high as a typical value^with 25$ being a possible average 
(Martin et al., 1976).
The residence time of REE in seawater is not well constrained. 
Goldberg et al. (1963) and Wildeman and Haskin (1965) have calculated 
residence times using the technique of Goldberg and Arrhenius (1958). 
Wildeman and Haskin (1965) estimated residence times of about 50 years 
for Ce, about 200 years for LREE and about 300-600 years for KREE. 
These calculations, however, assumed that virtually all the products 
of weathering enter the oceans and that ocean mixing times are 
considerably less than residence times. Both these assumptions, and 
particularly the second (see above, Nd-isotopes) are probably invalid. 
If residence times are calculated using river water compositions as 
governing input rates, values of about 15-20 times those of Wildeman 
and Haskin (1965) are derived. These values, however, would represent 
upper limits since a considerable portion of REE probably enter the 
marine environment adsorbed on clays (see Roaldset, 1973) and this 
would have the effect of lowering residence times (Holland, 1978).
Piepgras and Wasserburg (1980) have examined the problem of REE
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residence time using Nd-isotopes in seawater. Using reasonable 
assumptions regarding mixing rates and efficiencies, a residence time 
of less than about 150 years is indicated for Nd.
In summary, the residence times of the REE are almost certainly 
less than the mixing times of the oceans (<1,000 years; Holland, 
1978). The residence time of the LREE (represented by Nd) is less 
than 150 years. The residence time of Ce is probably somewhat less 
than that of other LREE (to explain the negative Ce-anomaly of ocean 
water). The residence time of HREE is probably greater than that of 
the LREE, perhaps by a factor of 2-3.
A1.4 REE IN MARINE PHASES 
A1.4.1 Manganese Nodules
An interesting aspect of REE geochemistry is the behavior of Ce 
in the marine environment. Ce is clearly anomalous in manganese 
nodules (Table A1.6; Fig. A1.4) and this anomaly is thought to be 
the cause of Ce depletion seen in seawater (see preceeding section). 
The preferential incorporation of Ce into manganese nodules is 
generally considered to be due to oxidation of Ce:
Ce+3 + 40H- = Ce(0H)4 + e-
For typical marine pH's (about 8), Eh values of about 0.15-0.45 volts 
would probably be required (see review of Addy, 1979). This suggests 
that Ce anomalies should only be found in nodules formed in quite 
oxidized sediments, an observation substantiated by the limited body 
of data (Addy, 1979).
A1.4.2 Other Marine Phases
The REE content of most authigenic phases tends to reflect the 
REE pattern of seawater (Table A1.6; Fig. A1.5). The phosphorite 
sample is an exception. This sample was taken from shallow water (100 
m) near shore and may not be truly representative of typical marine 
phosphorites. The values of the chert and siliceous raicrofossils 
(Shimizu and Masuda, 1977) represent averages of individual analyses 
which are highly variable (in some cases over a factor of 10). The
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TABLE Al.6 REE abundances in various marine phases (in ppm).
1 2 3 4 5 6 7 8 9 10
La 227 253 263 56 3.8 167 16.8 2.99 15.1 28.7
Ce 735 803 1360 102 5.5 54.7 11.3 1.56 5.85 18.0
Pr - - - 15 - - - - - -
Nd 272 251 - 57 3.5 169 16.7 3.66 13.6 28.6
Sm 51 44 79 11 0.65 32 3.70 0.824 2.94 5.62
Eu 11 9.4 17.5 2.8 0.15 7.5 0.955 0.207 0.695 1.34
Gd - - - 15 - - 4.13 0.965 - -
Tb 8.1 7.1 11.0 2.1 0.11 6.6 - - 0.472 0.945
Dy - - - 12 - - 4.12 0.958 - -
Ho - - - 3. 3 - - - - - -
Er - - - 9.0 - - 2.49 0.601 - -
Tm - - - 1.1 - - - - - -
Yb 19.2 25.5 19.4 6.7 0.28 21.3 2.33 0.552 2.46 3.14
Lu 3.2 4.4 2.8 1.2 0.042 3.6 0.358 0.0980 0.444 0.525
1. Average deep water (>3000-3500 m) manganese nodule (Piper, 1974b).
2. Average shallow water (<3000-3500 m) manganese nodule (Piper, 1974b).
3. Average of 7 manganese micronodules from northwest Atlantic (deep 
water) (Addy, 1979).
4. Phosphorite from Magdalena Bay (100 m) at 25°45'N, 112°34'W 
(Goldberg et al., 1963).
5. Biogenic CaCO^ (Spim, cited in Piper, 1974b).
6. Phillipsite (Piper, 1974b).
7. Average of 4 deep sea cherts (Shimizu and Masuda, 1977).
8. Average of 2 deep sea siliceous marine microfossils (Shimizu and 
Masuda, 1977).
9. Average of 7 East Pacific Rise crest sediments (Piper and Graef,
1974).
10. Average of 10 East Pacific Rise flank sediments (Piper and Graef, 
1974).
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Figure A1.4 REE plot of manganese nodules. Data from Table A1.6.
Note the positive Ce-anomaly. The preferential incorporation of Ce 
in manganese nodules probably is the cause of the negative Ce-anomaly 
in ocean water.
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Figure A1.5 REE plot of various authigenic marine phases. Data from 
Table A1.6. The negative Ce-anomaly in several of the analyses 
reflects ocean water.
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abundance levels are related to the degree of diagenesis (Shimizu and 
Masuda, 1977) and indicate the inability of REE to enter such phases.
The fact that REE in marine phases reflect, quite closely, the 
REE pattern of seawater (but not the absolute abundances) produces a 
possible method of examining secular variations of REE patterns in 
seawater. This aspect has not been investigated in any detail, with 
the exception of some studies of REE patterns in iron-formations (see 
below).
A1.5 REE IN SEDIMENTARY CARBONATES AND EVAPORITES
Most investigations have reported rather low concentrations of 
REE in sedimentary carbonate rocks and minerals (Haskin et al., 1966; 
Jarvis et al., 1975) with typical total REE in marine calcite of about 
10 ppm or less (Jarvis et al., 1975; Parekh et al., 1977) (Table 
A1.7; Fig. A1.6). Most studies dealing with REE content of 
carbonate minerals have relied on acid leaching. Some caution is 
warranted in such studies since even weak acids can strongly leach 
minerals other than carbonates, resulting in overestimating total REE 
and perhaps affecting the shape of the REE pattern.
In a recent study, McLennan et al., (1979b) used cold (25C) 0.3N 
HC1, for limited times, in leaching experiments and found very high 
REE contents in the soluble fractions of highly impure carbonate rocks 
(Table A1.7; Fig. A1.7). They suggested locally REE-rich 
depositional waters or, more likely, diagenetic incorporation of REE 
from adjacent clay minerals as possible concentration mechanisms. 
This work also suggested that REE+3 may substitute for Ca+2 in 
carbonate minerals andnotbejust adsorbed onto surfaces as proposed by 
some authors (Haskin et al., 1966).
In general, carbonate REE patterns are similar to clastic 
sedimentary rocks. In marine carbonates, a distinct Ce-depletion is 
common (Fig. A1.6), reflecting the Ce-anomaly in seawater.
REE distributions in evaporites have not been studied in any 
great detail. Some incomplete average analyses of evaporites from 
Russia were reported by Ronov et al. (197^). These data were 
characterized by very low abundances with total REE probably being
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TABLE Al.7 REE in some sedimentary carbonate minerals and carbonate- 
rich sedimentary rocks (in ppm).
1 2 3 4 5 6
La 4.74 3.8 26 31 14 30
Ce 1.80 5.5 56 67 22 63
Nd - 3.5 20 25 10 25
Sm 0.63 0.65 2.8 4.2 2.7 4.8
Eu 0.119 0.15 0.24 0.49 0.46 1.1
Gd - - 2.0 3.1 3.3 4.4
Tb 0.102 0.11 - - - -
Dy - - 1.4 2.4 3.5 3.2
Er - - 1. 3 1.3 1.5 1.6
Yb 0.38 0.28 - - - -
Lu 0.070 0.042 - - - -
1. Estimate of pure CaCO^ in south German marine limestones (Parekh 
et al., 1977) .
2. Biogenic CaCO^ (From Table A1.6; Column 5).
3. Acid soluble (0.3N HC1) fraction of calcite rich Espanola Fm. 
sedimentary rock (E4) (McLennan et al., 1979b).
4. Bulk rock E4 for Column 3.
5. Acid sol. (0.3N HCl) fraction of dolomite rich Espanola Fm. sed­
imentary rock (Ell) (McLennan et al., 1979b).
6. Bulk rock Ell for Column 5.
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Figure A1.6 REE plot of sedimentary carbonate rocks. Data from Table 
A1.7. The negative Ce-anomalies reflect ocean water REE patterns.
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Sm Eu Gd Tb Dy Ho ErLa Ce Pr  Nd
Figure A1.7 REE plots of carbonate-rich sedimentary rocks from the 
Espanola Formation and soluble fractions of these rocks. Data 
from Table A1.7. High REE in the soluble fractions may indicate 
REE can be incorporated into the carbonate structure.
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less than about 10-15 ppm.
A1 .6 REE IN IRON-FORMATIONS
REE geochemistry of iron-formations has not been studied to any 
great extent (Laajoki, 1975; Laajoki and Lavikainen, 1977; Fryer, 
1977a,b; Graf, 1978). Fryer (1977a) noted an apparent significant 
difference in Eu content of Archean and Proterozoic iron-formations 
which could not be explained by differences in upper crustal 
abundances (Table A1.8; Fig. A1.8). He attributed this to changes 
in seawater composition related to increased amounts of free oxygen in 
younger oceans. Kerrich and Fryer (1979) noted strongly enriched Eu 
in Archean hydrothermal veins in the Dome Mine, Abitibi greenstone 
belt (Table A1.8; Fig. A1.8). This led to a reinterpretation of 
iron-formation data (Fryer et al., 1979), relating the positive 
Eu-anomalies in Archean iron-formations to much more vigorous 
hydrothermal activity during those times. Graf (1978) also pointed 
out that changing oxidation states was an untenable explanation for 
differing Eu-anoraalies since Paleozoic volcanogenic iron-formations 
from New Brunswick also commonly display positive Eu-anomalies (Graf, 
1977, 1978).
Rarely, iron-formations display negative Ce-anomalies (Laajoki, 
1975; Fryer, 1977a), probably reflecting seawater composition.
A1.7 REE IN CLASTIC SEDIMENTARY ROCKS 
A1.7-1 Historical
Early work on rare earth elements in sedimentary rocks (Minami, 
1935) and meteorites (Noddack, 1935) suggested that significant
differences in REE distribution existed between these lithologies.
Prior to about I960, geochemists were generally of the opinion that 
REE did not fractionate during geological processes. The differences 
found by Noddack and Minami were commonly ascribed to analytical 
difficulties (see review of early arguments in Taylor 1960b).
Later, Taylor (1962c) examined the more precise data available at
that time (e.g. Schmitt et al., 1960) and concluded the differences
2 4 7 .
TABLE A1. 8 REE i n  P r e c a m b r i a n  i r o n - f o r m a t i o n s ( i n  p p m ) .
1 2 3
La 2 . 1 4 2 . 7 2 2 . 6 0
Ce 3 . 1 9 4 . 5 2 6 . 1 5
P r - - 0 . 7 6
Nd 1 . 7 5 2 . 3 7 4 . 3 5
Sm 0 . 3 4 7 0 . 4 3 4 1 . 4 1
Eu 0 . 2 2 9 0 . 1 5 1 0 . 7 3
Gd - - 1 . 5 3
Dy - - 1 . 2 8
Ho 0 . 1 2 2 0 . 1 0 2 -
E r - - 0 . 6 4
Yb 0 . 3 7 0 0 . 2 4 2 -
Lu 0 . 0 6 3 7 0 . 0 3 2 -
1.  A v e r a g e o f  7 o x i d e  f a c i e s A r c h e a n  i r o n - f o r m a t i o n s  ( A n a l y s e s  2 2 - 2 8 ;
F r y e r , 1 9 7 7 a ) .
2 .  A v e r a g e o f  7 o x i d e  f a c i e s E a r l y  P r o t e r o z o i c i r o n - f o r m a t i o n s
(Sokoman) ( A n a l y s e s  9 - 1 4 ,  16 ;  F r y e r ,  1 9 7 7 b ) .
A v e r a g e  o f  9 A r c h e a n  h y d r o t h e r m a l  q u a r t z  v e i n s  ( K e r r i c h  an d  
F r y e r ,  1 9 7 9 ) .
3 .
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Sm Eu Gd Tb Dy Ho ErCe Pr Nd
Figure Al.8 REE plots of Precambrian iron-formations and Arcbean 
hydrothermal quartz veins. Data from Table AI.8. See text for 
discussion.
1 000
PAAS
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P O S T - A R C HE A N  SHALE  AVERAGES
Sm Eu Gd Tb Dy Ho Er Tm YbPr NdLa Ce
Figure A1.9 REE plots of various averages and composites of post- 
Archean shales. Data from Table A1.9. Note the close similarity 
of the four REE patterns, particularly with respect to the negative 
Eu-anomalies and LREE-enrichment.
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in REE abundances originally noted by Minami (1935) and Noddack (1935) 
were real. He suggested the enrichment of light rare earths (LREE) in 
the upper crustal rocks was due to crystal chemical effects (ie.- 
different ionic radii) imposed during melting events.
Goldschmidt (1938) was Lhe f<rst tc suggest that the homogenizing 
effects of sedimentary processes should result in nearly constant REE 
distributions in sedimentary rocks and that the pattern should reflect 
upper continental crust abundances. Although findings by such workers 
as Ronov et al. (1972); Cullers et al. (1975, 1979) and Dypvik and 
Brunfelt (1976) have shown significant variability of REE 
distributions in some sedimentary environments, the original 
prediction of Goldschmidt has proven remarkably accurate. This is 
especially the case for fine-grained sedimentary rocks (ie.- shales, 
etc.). McLennan et al. (1979a; see Appendix 8) have studied 
glacially-derived sedimentary rocks (also see Roaldset, 1973) and 
concluded that this material is most useful for estimating upper 
crustal REE abundances. They also concluded that normal fine-grained 
sedimentary rocks have parallel REE patterns to upper crustal values 
but may be slightly enriched in total REE due to concentration of REE 
on clay minerals.
Haskin et al. (1966, 1968) suggested that a composite of 40 
North American Paleozoic shales (NASC) was representative of the upper 
continental crust. Haskin and Haskin (1966) reanalysed the composite 
of European Paleozoic shales (ES) originally analysed by Minami 
(1935). They substantiated the original observations of Minami and 
also noted the similarity to NASC and average sediments of the Russian 
Platform (Balashov et al., 1964). They also reaffirmed the suggestion 
that the patterns represented upper crustal values. Estimates of 
average REE in sedimentary rocks have also been made recently by the 
Russian workers (Ronov et al., 1974). A useful value is the average 
Mesozoic-Cenozoic shale from the Russian Platform (here termed RS). 
Finally, an average of 23 post-Archean shales from Australia (PAAS) 
was reported by Nance and Taylor (1976). The values for the various 
composites and averages of shales from throughout the world are listed 
in Table A1.9 and displayed in Figure A1.9. The remarkable similarity 
of these patterns adds a great deal of support to the idea that, in 
general, typical shales reflect the composition of the exposed crust.
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TABLE Al.9 REE in various composites and averages of shales
(in ppm). Note that all samples are of post-Archean age.
NASC
(1)
ES
(2)
RS
(3)
PAAS
(4)
La 32 41.1 32 38
Ce 73 81.3 62 80
Pr 7.9 10.4 7.4 8.9
Nd 33 40.1 30 32
Sm 5.7 7.3 6.5 5.6
Eu 1.24 1.52 1.2 1.1
Gd 5.2 6.03 5.6 4.7
Tb 0.85 1.05 1.0 0.77
Dy 5.8 - 4.3 4.4
Ho 1.04 1.20 - 1.0
Er 3.4 3.55 2.9 2.9
Tm 0.50 0.56 - 0.40
Yb 3.1 3.29 2.4 2.8
Lu 0.48 0.58 — 0.43
1. North American shale composite (Haskin and Paster, 1979);
composite of 40 North American shales
2. European shale composite (Haskin and Haskin, 1966); composite
of numerous European shales.
3. Russian shale (Ronov et al. , 1974) ; average of 16 composites
representing 4248 samples of Mesozoic-Cenozoic clays from 
the Russian and Scythian Platforms.
Post-Archean average Australian shale (Nance and Taylor, 1976); 
average of 23 post-Archean shales from Australia.
4.
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Recently, Taylor and McLennan (1981a; see Appendix 9) suggested 
that while REE patterns in fine-grained sedimentary rocks were 
parallel to upper crustal abundances, they probably overestimated the 
absolute abundances by about 20%. Three observations add support to 
this suggestion. Upper crustal estimates based on sampling programs 
of shield areas give average La abundances of 32 ppm (Shaw et al., 
1976). Fine-grained sedimentary rocks typically contain about 20-30% 
higher total REE than do associated coarser clastic sedimentary rocks 
(McLennan et al., 1979a; M.Bhatia, pers. comm.). Clastics comprise 
about 70-80% of sedimentary rocks at the surface of the crust (Garrels 
and Mackenzie, 1971) but contain the bulk of the REE; carbonates and 
evaporites having very low abundances (see above).
Haskin and Gehl (1962) were the first to notice unusual REE 
patterns for Precambrian sedimentary rocks. They suggested leaching 
processes or inhomogeneities in the Precambrian crust. This 
possibility of secular variations in crustal composition led to active 
research in this area which has continued to the present. Balashov 
and Goryainov (1966) found Early Proterozoic metasedimentary rocks had 
lower total REE and (La/Yb)N than NASC and proposed evolution from 
mafic to felsic volcanism. In an important paper, Ronov et al. 
(1967) reported no substantial change in sedimentary REE patterns for 
about the past 1,500 million years, but predicted that a major change 
in patterns would occur at the Archean-Proterozoic boundary due to the 
mafic nature of the Archean crust. This point of view has been 
maintained by Ronov and his co-workers (Ronov, 1972; Ronov and 
Migdisov, 1971; Ronov et al., 1972, 1974; Balashov and Tugarinov, 
1976).
The problem of sedimentary REE evolution with time was first 
systematically studied by Schnetzler and Philpotts (1967). Working 
from a small data base (5 samples and a literature survey), they 
observed no significant difference in REE for Precambrian and younger 
sedimentary rocks. The next year, Haskin et al. (1968) confirmed a 
relative enrichment of Eu in Precambrian sedimentary rocks compared to 
NASC. More detailed studies of Wildeman and Haskin (1973) and 
Wildeman and Condie (1973) confirmed Eu enrichment and lower total REE 
for Precambrian sedimentary rocks. Most of the samples for these 
studies came from Archean terrains.
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Jakes and Taylor (1974) related the differences in sedimentary 
REE patterns to crustal evolution. They noted the similarity between 
Archean sedimentary and modern calc-alkaline island-arc volcanic REE 
patterns and suggested that the early Precambrian crust was less 
evolved and was composed of rocks of island-arc volcanic composition. 
They further proposed that increasing vertical chemical zonation of 
the continental crust, due to melting in the lower crust, resulted in 
the evolution of the upper crust to granodioritic composition and the 
characteristic REE pattern.
The Eu-depletion in post-Archean sedimentary rocks can be taken 
as strong evidence for an intracrustal origin for much of the upper 
crust. No common volcanic rock derived directly from the mantle (ie.- 
primitive) exhibits negative Eu-anomalies (e.g. Bence et al., 1980, 
1981). The basic cause for the difference in behavior between Eu and 
the other REE lies in the difference between the valency and crystal 
radius between Eu+2 (crystal radius, CR=1.39A, for 8-fold 
coordination) and Eu+3 (CR=1.21A; Shannon, 1976). Only Eu, of all 
the REE, commonly occurs in a divalent state. The Ca sites in 
feldspars readily accept Eu+2 which has a similar radius as Sr+2. 
Thus the most likely mechanism for producing Eu-depletion is partial 
melting where feldspar is a residual phase. Since Ca-plagioclase is 
not stable below about 40 km (10 kb), Eu-anomalies are probably 
produced by shallow melting processes within the crust (or very 
shallow mantle).
Nance (1975) and Nance and Taylor (1976, 1977) conducted a survey 
of REE patterns in Australian sedimentary rocks. Two suites of rocks 
of Archean and post-1.5 Ae had significantly different REE patterns. 
Archean patterns had lower total REE (about 70-120 ppm), more variable 
(La/Yb)N (6-15) and relatively higher Eu (Eu/Eu*=1.0-1.3) than 
post-1.5 Ae rocks (total REE=185 ppm; (La/Yb)N=9.2; Eu/Eu*=0.65). 
Later work on Australian Archean sedimentary rocks (Taylor, 1977; 
Bavinton and Taylor, 1980) led to the conclusion that the positive 
Eu-anomalies seen in Archean sedimentary rocks are due to plagioclase 
accumulations and though common, are not typical of Archean 
sedimentary rocks and that there is no consistent anomaly (ie.- 
Eu/Eu*=1).
The study of Nance and Taylor (1976, 1977) lacked sampling during
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the period of about 2.7-1.5 Ae. McLennan (1977) and McLennan et al. 
(1979a) attempted to fill this 'gap* in a study of the Early 
Proterozoic Huronian succession of Canada (deposited some time between 
about 2.6-2.2 Ae). They found that lower Huronian REE patterns were 
most similar to typical Archean sedimentary rocks while the upper 
Huronian resembled typical post-1.5 Ae sedimentary rocks. The 
interpretation suggested that an essentially episodic change in the 
composition for the upper crust occurred at the end of the Archean, 
related to the massive intrusion of K-rich granitic rocks (Kenoran 
Orogeny in Canada). These apparent differences in REE patterns in 
sedimentary rocks and possible implications for the evolution of the 
continental crust form the basis of the present investigation.
A1.7.2 Modern Sediments
The REE distribution in modern sedimentary environments is 
similar to that of the post-Archean shales (NASC, ES, RS, PAAS). In a 
recent important paper (Martin and Maybeck, 1979) the chemical 
composition of suspended particulate matter in some of the world's 
major rivers was examined. Reasonably complete REE analyses were 
given for six major rivers (Table A1.10). The patterns are very 
similar to PAAS (Fig. A1.10) although slightly enriched in total REE 
(about 1.1-1.4 times). The cause of the enrichment could be related 
to grain size (see below).
Relatively modern clastic sediments from the marine environment 
also show the same REE pattern as typical shales (Table Al.11; Fig. 
Al .11), but again, enrichment in total REE is seen in some samples. 
These differences show that while most typical shales show the same 
relative REE characteristics ((La/Yb)N, Eu/Eu*), some caution is 
warranted in estimating average total REE abundances (see below).
A1.7.3 Post-Archean Sedimentary Rocks
A1.7.3a Fine-grained sedimentary rocks
A compilation of REE in a series of post-Archean fine-grained 
sedimentary rocks is listed in Table A1.12. Chondrite-normalized 
plots are given in Figure A1.12. The similarity to the various shale 
composites and averages is apparent (cf. Table A1.9; Fig. A1.9).
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TABLE Al.10 
(in ppm;
REE in suspended particulate matter in some major rivers 
from Martin and Maybeck, 1979).
Amazon Congo Danube Ganges Garonne Mekong Average
La 48 50 28 42 44 48 43.3
Ce 112 90 65 98 93 93 91.8
Pr - - - - 8.2 8.5 -
Nd - - - 48 36 47 -
Sm 9.7 (10.6)* 6.3 9.7 6.2 5.4 7.98
Eu 1.8 1.6 1.5 1.2 1.1 1.5 1.45
Gd - 2.5^ - - 6.1 5.3 -
Tb (1.64)* 1.6 0.62 0.7 0.9 0.9 1.06
Ho - - - - 0.9 0.9 -
Er - - - - 2.4 2.7 -
Tm - - - 0.35 0.44 0.45 -
Yb 3.7 2.6 4.6 3.2 2.8 3.2 3. 35
Lu 0.6 0.37 0.5 0.51 0.42 0.58 0.50
* values in brackets are estimated from chondrite-normalized plots. 
+ probably too high; value excluded in Fig. Al.10.
TABLE Al.11 
(in ppm).
REE in some young marine fine-grained clastic sediments
1 2 3 4 5
La 39.3 39.3 38.0 38.5 61.0
Ce 91.5 81.3 - 83.2 106.8
Pr 10.9 - - - -
Nd 42.6 - 36.2 - 56.5
Sm 7.96 6.63 7.94 7.00 11.1
Eu 1.47 1.57 2.00 1.44 2.65
Gd 5.55 - 8.08 - -
Tb 0.84 0.97 - 0.93 1.80
Dy 5.02 - 7.12 - -
Ho 1.02 - - - -
Er 3.16 - 3.94 - -
Tm - - - - 0.80
Yb 2.95 3.10 4.00 2.83 4.45
Lu - 0.55 — 0.43 0.70
1. USGS Standard MAG-1 (Manheim et al. , 1976) ; marine mud from
Gulf of Maine; data from this study (McLennan and Taylor, 1980a; 
see Appendix 4«
2. Average of 3 gray clay samples (turbidites) from Northwest Atlantic 
abyssal plain (Addy, 1979).
3. Average of 9 Recent pelagic sediments from the Pacific Ocean 
(Shimokawa et al., 1972).
4. Average of 4 Miocene-Pliocene deep sea sediments from Gulf Coast 
area, Gulf of Mexico (Chaudhuri and Cullers, 1979).
5. Average of 2 uppermost Cretaceous (Cenozoic?) bentonitic clays 
from above Umbers, Troodos Massif, Cyprus (Robertson and Fleet, 
1976).
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Figure A1.10 REE plots of particulate matter of several major rivers. 
Data from Table A1.10, PAAS is plotted for comparison.
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Figure Al.ll REE plots of modem clastic marine sedimentary rocks. 
Data from Table Al.ll.
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TABLE Al. 12 REE in some post-Archean fine-grained sedimentary rocks 
(in ppm).
1 2 3 4 5 6 7 8
La 29.7 46.2 48.7 42.3 40.6 32.8 32.0 30.5
Ce 63.4 85.5 100.3 96.7 84.0 67.3 66.4 62.5
Pr 7.62 - 12.0 9.83 9.04 7.52 8.34 7.28
Nd 27.9 40.8 38.7 30.7 28. 3 24.5 32.2 24.8
Sm 5.07 6.82 7.73 6.07 5.67 4.87 6.67 4.33
Eu 1.03 1.35 1.63 1.13 1.13 0.90 1.27 0.80
Gd 4.00 - 6.67 4.93 4.90 3.80 5.93 3.80
Tb 0.64 0.80 1.13 0.83 0.77 0.66 1.00 0.60
Dy 3.79 - 6.23 4.87 4.31 3.85 5.87 3.53
Ho 0.83 - 1.47 1.13 0.95 0.90 1. 32 0.74
Er 2.39 - 4.20 3.30 2.73 2.63 3.78 2.00
Yb 2.25 3.01 4.23 3.30 2.64 2.58 3.43 2.05
Lu - 0.45 - - - - - -
1. USGS standard SCo-1 (Schultz et al., 1976); Upper Cretaceous Cody 
Shale (from McLennan and Taylor, 1980a; see Appendix 4).
2. Average of 22 Upper Jurassic, Kimmeridgian shales (Dypvik and 
Brunfelt, 1979).
3. Average of 3 Triassic shales from Australia (Nance and Taylor, 
1976).
4. Average of 3 Permian-Carboniferous shales from Australia (Nance 
and Taylor, 1976).
5. Average of 7 Silurian shales from Australia (Nance and Taylor, 
1976).
6. Average of 6 Late Proterozoic (850 m.y.) shales from Australia 
(Nance and Taylor, 1976).
7. Average of 3 Late Proterozoic (1100 m.y.) fine-grained subgrey- 
wackes from Australia (from Taylor and McLennan, 1979c; see 
Appendix 6).
8. Average of 4 Middle Proterozoic (1500 m.y.) shales from Australia 
(Nance and Taylor, 1976).
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In a study of post-Archean sedimentary rocks from Australia (Nance and 
Taylor, 1976), some evidence of increasing total REE with decreasing 
age was found in shales. In the present work, some attempt will be 
made to try to confirm this possible trend.
A1.7.3b Wackes, arkoses, etc.
Analyses of coarser grained sandstones are less abundant than for 
shales (this has not necessarily been the case for Archean sedimentary 
rocks). Table A1.13 lists REE abundances for several greywackes and 
arkoses of post-Archean age. Chondrite-normalized plots are given in 
figure A1.13- The REE patterns of these sandstones tend to have lower 
total REE abundances than shales, although like shales, the values are 
quite variable. A number of authors have noted the lower abundances 
in coarser-grained sedimentary rocks as compared to shales (Haskin et 
al., 1966; Nance and Taylor, 1976; Cullers et al., 1979; McLennan 
et al., 1979a). On the other hand, the general shape of the REE 
patterns (Eu/Eu*, (La/Yb)N, etc.) is generally similar for sandstones 
and shales (Nance and Taylor, 1976; McLennan et al., 1979a; Cullers 
et al., 1975).
A1.7.3C Quartz-rich sedimentary rocks
The REE abundances in quartz-rich sediments and sedimentary rocks 
(quartzites, orthoquartzites, etc.) are typically very low (Table 
A1.14; Fig. A1.14). The shape of the pattern, however, is similar 
in a general way to typical shales. Increased analytical 
uncertainty, inherent to lower abundances, could explain some of the 
variability (particularly for samples analysed before ca. 1970). The 
possible role of heavy minerals is also significantly more important 
when sizeable clay fractions are absent (Cullers et al., 1979; 
McLennan et al., 1979a; also see below). Quartz appears to contain 
essentially no REE in lattice sites, although inclusions could carry 
significant amounts (see Haskin et al., 1966).
A1.7.3d Variability in REE content in sedimentary rocks
It is generally held that for post-Archean sedimentary rocks, 
there is less variability in the shape of the REE patterns (ie.- 
Eu/Eu*, (La/Yb)N, (La/Sm)N, etc.) than in the absolute abundances (for
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TABLE Al.13 REE in some greywakes and arkoses (in ppm).
1 2 3
La 26 18 26.2
Ce (35) 42 61.1
Pr 6.2 4.8 -
Nd 24 15 -
Sm 4.7 2.8 5.59
Eu 1.00 0.61 0.95
Gd 4.7 3.0 -
Tb 0.52 0.40 0.57
Dy - 2.6 -
Ho 0.54 0.51 -
Er (1.30) 1.6 -
Tm 0.26 - -
Yb 1.63 1.6 2.0
Lu 0.24 - —
1. Cretaceous greywacke (Sebastian Sandstone) from Oregon (Haskin
et al., 1966); the values for Ce and Er are probably too low.
2. Triassic arkose (Woodada Fm.) from Australia (Nance and Taylor, 
1976).
Average of 9 Ordovician greywackes (Duzel Fm.) from California 
(Condie and Snansieng, 1971).
3.
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TABLE A l.14 
(in ppm).
REE in some quartz-rich sediments and sedimentary rocks
1 2 3
La 5.3 8.2 5.7
Ce - - 11.6
Pr 1.16 2.6 1.2
Nd 5.3 (7.7) 3.9
Sm 0.73 2.3 0.76
Eu 0.15 0.38 0.18
Gd 1.07 1.5 0.96
Tb 0.15 0.29 0.13
Dy - - 0.85
Ho 0.107 (0.25) 0.16
Er 0.32 0.85 0.48
Tm 0.045 0.12 -
Yb 0.25 0.96 0.57
Lu 0.098 0.13 —
1. Desert sand (Libya) (Haskin et al., 1966).
2. Quartzite (Rib Mountain Quartzite) from Wisconsin (Haskin et al . , 
1966). Values for Nd and Ho are probably too low.
Average of 3 Permian orthoquartzites from Australia (Nance and 
Taylor, 1976).
3.
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Figure A1.14 REE plots of post-Archean quartz-rich sedimentary rocks. 
Data from Table A1.14. Note very low total REE abundances.
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Figure A1.15 REE plots of post-Archean volcanogenic greywackes from arc 
environments. Data from Table A1.15. Typical andesite pattern shown 
for comparison. First-cycle sedimentary rocks or those derived from 
a single lithology tend to reflect the REE pattern of the source.
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example, Roaldset, 1973; Cullers et al., 1979). This can be 
demonstrated through the following exercise. The averages for La 
(representing total abundances since only a few REE are determined by 
many techniques), (La/Yb)N and Eu/Eu* were calculated for the 62 shale 
(or mud) samples listed in Tables A1.10, A1.11 and A1.12. The 
uncertainty in the means (at the 95% confidence level) was about 6% 
for La, less than 5% for (La/Yb)N and about 3% for Eu/Eu*. The 
differences are almost certainly significant. Part of the reason for 
increased variability in absolute abundances could be due to secular 
increases in total REE with time (Nance and Taylor, 1976).
McLennan et al. (1979a) compared fine-grained sedimentary rocks 
to the matrix (petrographically greywacke) of closely associated 
tillites. They found that the fine-grained sedimentary rocks were 
enriched in total REE by a factor of about 1.3. The shape of the REE 
patterns were virtually identical. Cullers et al. (1979) separated 
unconsolidated sediments in various size fractions and found that the 
finer fractions tended to have higher total REE than coarser 
fractions. In a recent study, M.Bhatia (pers. comm.) found that the 
finer-grained parts of turbidites consistently had higher total REE 
than associated greywackes. These studies indicate that a certain 
amount of the variability seen in total REE in sediments and 
sedimentary rocks could partly be controlled by grain size 
considerations.
A1.7.3© Volcanogenic and other first-cycle sedimentary rocks
In the preceeding summary only sedimentary rocks of fairly 
complex provenance have been considered. The cause of the general 
uniformity in REE patterns seen in those rocks can be attributed to 
extremely efficient mixing of several lithologies during sedimentary 
processes. However, when the provenance of sedimentary rocks is 
restricted to a single lithology or a very simple provenance, the REE 
patterns reflect this. Such rocks are significant; for example, 
about 15-16% (by volume) of sedimentary rocks forming presently are 
volcanogenic (see Garrels and Mackenzie, 1971).
Clearly, the most frequent sites for such rocks are in arc 
environments (island arcs, continental arcs). Nance and Taylor (1976) 
found that a suite of Devonian greywackes (Baldwin Formation) from
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east Australia which were derived from island-arc volcanic rocks 
(Chappell, 1968), had REE patterns which were very similar to 
calc-alkaline andesitic rocks (Table A1-15; Fig. A1.15). Similarly, 
Condie and Snansieng (1971) found that Silurian greywackes (Gazelle 
Formation) of northern California, which were deposited in a 
eugeosynclinal basin(s?) associated with a continental arc, had 
similar REE patterns to andesites (Table A1.15; Fig. A1.15). Dypvik 
and Brunfelt (1976) analysed volcanic and sedimentary rocks in Early 
Paleozoic geosynclinal sequences from Norway. They found the 
eugeosynclinal sedimentary rocks (Trondheim region) had REE patterns 
not unlike the associated volcanics. However, in the correlative 
platform sequence in the Oslo region, which contained epicontinental 
sedimentary rocks, the REE patterns were similar to normal shales 
(Table A1.15; Fig. A1.16). Ronov et al. (1974) described similar 
results from Russia. Fleet et al. (1976) found that REE patterns in 
submarine volcanogenic sediments from the Indian Ocean were 
essentially the same as associated volcanics, when the presence of 
biogenic carbonate was taken into account.
In a recent study, M.Bhatia (pers. comm.) examined the REE 
geochemistry of a suite of Paleozoic sedimentary rocks from east 
Australia which were deposited in various arc environments and at 
various times during arc development. Unfortunately, most source 
rocks were not exposed, but detailed petrographic studies gave a good 
indication of source lithologies. It was found that first-cycle 
sedimentary rocks had REE patterns which matched the source rocks. An 
important finding was that when the provenance became even slightly 
complex and any recycling was involved, the REE patterns were 
essentially similar to normal post-Archean sedimentary rocks 
(ie.-PAAS, NASC, etc.).
A1.7.4 Archean Sedimentary Rocks
The nature of REE in Archean sedimentary rocks is a major topic 
of the present thesis (see Chapters 3 and 4) and this aspect is 
touched on only briefly here. Several workers have noted that Archean 
sedimentary rocks are unlike normal post-Archean sedimentary rocks 
(Wildeman and Condie, 1973; Wildeman and Haskin, 1973; Nance and 
Taylor, 1977, for example) and are most similar to modern first-cycle 
arc-derived sedimentary rocks (Jakes and Taylor, 1974; Nance and
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TABLE Al.15 REE in some volcanogenic (first cycle) sedimentary 
rocks and average andesite (in ppm).
1 2 3 4 5 6
La 8.5 6.1 13.2 19 22.4 37. 3
Ce 19.4 15 26.8 38 52.5 66.7
Pr 2.68 1.95 - 4. 3 - -
Nd 10.9 8.35 - 16 26.3 35.0
Sm 2.98 2.45 3.26 3. 7 4.99 6.56
Eu 0.98 1.25 0.79 1.1 1.46 1.24
Gd 3.48 2.95 - 3.6 - -
Tb 0.51 0.44 0.45 0.64 0.61 0.71
Dy 3.18 2.9 - 3.7 - -
Ho 0.76 0.69 - 0.82 - -
Er 2.18 2.1 - 2.3 - -
Yb 2.2 2.05 1.9 2.2 2.56 2.54
Lu - - - - 0.42 0.42
1. Average of 5 Devonian volcanogenic greywackes (Baldwin Fm.)
(Nance and Taylor, 1977).
2. Average of 2 plagioclase rich volcanogenic greywackes (Baldwin 
Fm.) (Nance and Taylor, 1977).
3. Average of 12 Silurian Eugeosynclinal graywackes (Gazelle Fm.) 
(Condie and Snansieng, 1971).
4. Average andesite (Taylor and McLennan, 1981b).
5. Average of 4 Ordovician eugeosynclinal shales from the Trondheim 
region, Norway (Dypvik and Brunfelt, 1976).
6. Average of 11 Ordovician epicontinental shales from the Oslo 
region, Norway (Dypvik and Brunfelt, 1976).
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Figure A1.16 REE plots of correlative geosynclinal and epicontinental
sedimentary rocks from Norway. Data from Table A1.15. The geosynclinal 
sedimentary rocks (Trondheim) have REE patterns similar to associated 
volcanic rocks, from which they probably were derived. Sedimentary 
rocks from the platform sequence (Oslo) are similar to typical post- 
Archean shales and probably reflect upper crustal abundances.
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Figure A1.17 REE plots of several Archean sedimentary rocks. Data
from Table A1.16. Note the lack of significant negative Eu-anomalies.
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Taylor, 1977; Taylor, 1977). This, however, does not prove that 
Archean sedimentary rocks were derived from island arcs since a 
bimodal model involving mafic volcanics and acid igneous rocks (the 
major Archean igneous lithologieqkan equally explain such patterns. 
Table A1.16 and Figure A1.17 summarize several REE analyses from 
Archean terrains.
A1.7.5 The Archean - Proterozoic Boundary
As with the preceeding section, the nature of REE patterns in 
sedimentary rocks deposited near the Archean-Proterozoic boundary is a 
major topic of this thesis (Chapter 5). McLennan (1977) and McLennan 
et al. (1979a) studied REE patterns in the Early Proterozoic Huronian 
succession of Canada and found the patterns evolved from essentially 
Archean-like at the base to post-Archean-like at the top. They 
suggested this represented an episodic change in the composition of 
the upper crust at the Archean-Proterozoic boundary related to the 
intrusion of K-rich granitic rocks. The evolutionary pattern seen in 
the Huronian sequence represents gradual unroofing and exposure of 
these granitic rocks.
A1.7.6 Neodymium Isotopes in Sedimentary Rocks
Neodymium isotopic analyses of sedimentary rocks are not abundant 
but should prove a very useful tool in examining provenance and origin 
of sedimentary rocks. The available data are given in Table A1 -17 - 
Because the Sra-Nd isotopic system is not easily susceptible to 
disturbance during sedimentary processes, McCulloch and Wasserburg 
(1978) argued that the Nd model age of a sediment or sedimentary rock 
should equal the mean age of the provenance. The model ages are 
almost invariably older than the geologic ages. This could be 
represented by direct derivation from new upper crust (of average 
age=T(Nd-CHUR)) or more indirectly through recycling. Veizer and 
Jansen (1979) noted that the difference between T(Nd-CHUR) and 
T(geologic) tended to decrease with increasing age (see Table A1.17) 
and suggested this constituted evidence for a sedimentary recycling 
model being more appropriate for most sedimentary rocks.
The 6(Nd) of the North American shale composite (NASC) is 
-14.4+0.5 with a model age of about 1.5 Ae. Values of this magnitude
TABLE Al.16 REE in Archean sedimentary rocks (in ppm).
1 2 3
La 28.7 - 38.5
Ce 56.2 32.6 90.5
Pr 7.20 - 8.55
Nd 31.7 14.8 33.0
Sm 4.77 2.68 5.25
Eu 1.35 0.785 1.62
Gd 4.12 2.24 4.10
Tb 0.56 - 0.51
Dy - 1.74 -
Ho 0.59 - 0.59
Er 1.73 0.913 -
Tm 0.26 - 0.24
Yb 1.47 0.845 1.48
Lu 0.26 0.140 0.23
1. Average of 6 greywackes from Wyoming (Wildeman and Condie, 1973).
2. Greywacke ■from Minnesota (Arth and Hanson, 1975).
3. Average of 2 metagreywackes, Rainy Lake, Ontario (Wildeman and 
Haskin, 1973; analyses 7,8).
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are commonly given as the mean value for the continental crust (6(Nd) 
generally estimated at -17 to -15 for continental crust) (DePaolo and 
Wasserburg, 1977, 1979; McCulloch and Wasserburg, 1978; DePaolo, 
1979; Jacobsen and Wasserburg, 1979; Wasserburg and DePaolo, 1979).
Two other data from Table A1.17 are worth further comment. The 
values of 6(Nd) for red clays from the Pacific and Indian Oceans are 
comparable to the values for marine phases given in Tables A1.4 and 
A1.5 and support the interpretations given for those values. Also, 
young first-cycle sediments from volcanic arcs (Baja Shale) give very 
high 6(Nd) and low T(Nd-CHUR) compared to young multicycled sediments 
(deep sea clays, loess), suggesting this material was derived from 
very young crustal material.
A1.8 LOCATION OF REE IN SEDIMENTARY ROCKS
The sites of REE residence in sedimentary rocks is a question of 
some importance. There are, however, exceedingly few analyses 
available on many of the important sedimentary rock minerals. For 
framework material, the REE patterns of individual minerals could vary 
considerably, depending on the igneous environment from which they 
were derived. Also, the redistribution of REE during matrix formation 
and diagenesis is not known. Heavy minerals, particularly zircon and 
some REE oxides, have extremely high HREE content but rarely make up 
more then 1 % of a sandstone and generally less then 0.1% (Pettijohn, 
1975). Fine-grained rocks, the subject of this study, contain 
significantly less heavy mineral content.
The most detailed studies on REE distributions in various 
fractions of clastic sedimentary rocks have been carried out by 
R.Cullers and co-workers (Cullers et al., 1979; Chaudhuri and 
Cullers, 1979). In these studies, individual samples (or composites) 
of unconsolidated sediments were divided into several size fractions 
and analysed separately. Whole rock analyses were also commonly 
completed to facilitate comparison. The results on three particularly 
instructive samples are listed in Table A1.18. Chondrite-normalized 
plots of the whole rock REE abundances and various size fractions are 
given in Figures A1.18 to A1.20.
From these data and others (Cullers et al., 1979; Chaudhuri and
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TABLE Al.18 REE in various size fractions of sedimentary rocks 
(in ppm).
HAVENSVILLE SHALE - W2^
Size fraction <2y silt silt sand sand whole
less less rock
heavies heavies
Weight % of rock 45.8 28.1 - 24.7 - -
La 55.3 27.9 19.1 4.2 4.0 30.0
Ce 100 61.7 38.6 10.6 6.5 58.1
Sm 5.85 5.17 3.11 0.79 0.59 5.0
Eu 1.08 0.85 0.61 0.16 0.10 1.01
Tb 0.82 0.70 0.47 - 0.068 0.93
Yb 3.81 2.60 1.67 0.65 0.32 2.6
Lu 0.54 0.41 0.29 0.084 0.053 0.44
Eree 250.1 145.1 91.9 24.9 19.1 142.3
(La/Yb)N 9.8 7.3 7.7 4.4 8.4 7.8
Eu/Eu* 0.59 0.55 0.62 0.56 0.58 0.58
OKALOOSA SHALE - ELKGAII1^
Size fraction <2y silt silt sand sand whole
less less rock
heavies heavies
Weight % of rock 3.8 10.2 - 86.0 - -
La 27.8 31.5 22.6 4.4 3.0 7.3
Ce 61.6 73.1 48 9.2 6.3 15
Sm 4.62 7.48 4.31 0.98 0.45 1.53
Eu 0.80 1.42 0.78 0.17 0.077 0.29
Tb 0.61 1.19 0.59 0.20 0.05 0.25
Yb 2.2 4.5 2.22 1.25 0.31 1.50
Lu 0.40 0.84 0.36 0.20 0.052 0.23
Eree 134.6 178.2 115.2 25.3 14.4 40.3
(La/Yb)N 8.5 4.7 6.9 2.4 6.5 3.3
Eu/Eu* 0.57 0.58 0.59 0.48 0.59 0.58
contd.
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TABLE Al.18 Contd.
2 )GULF COAST SEDIMENT (3.67 KM DEPTH)
Size fraction <iy 2-ly 5-2y 20-5y >20y whole
rock
La 39.6 37.8 34.9 38. 3 26.2 37.4
Ce 70.6 73.1 79.1 73.6 45.5 67.8
Sm 6.2 6.5 8.0 6.3 4.6 6.4
Eu 1.24 1.37 1.64 1.40 0.98 1.34
Tb 0.85 0.86 0.97 0.86 0.53 0.80
Ho 0.90 1.10 1.26 1.19 0.56 0.84
Yb 2.6 3.1 2.9 2.6 1.6 2.6
Lu 0.40 0.49 0.44 0.34 0.24 0.33
EREE 175 174 178 172 115 165
(La/Yb)N 10.3 8.2 8.1 10.0 11.1 9.7
Eu/Eu* 0.65 0.69 0.69 0.72 0.73 0.70
Notes:
1. From Cullers et al. (1979).
2. From Chaudhuri and Cullers (1979); Gd excluded due to increased 
analytical uncertainty.
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Figure A1.18 REE plots of various size and mineral fractions of 
Havensville Shale sample W2. Data from Table A1.18.
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Figure A1.19 REE plots of various size and mineral fractions of 
Okaloosa Shale sample ELK6AII. Data from Table A1.18.
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Figure A1.20 REE plots of various size fractions of Louisiana Gulf 
Coast sediment at depth 3.67 km. Data from Table A1.18.
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Cullers, 1979), the following conclusions are indicated:
1) the bulk of REE in clastic sedimentary rocks is present in the <2 
micron and silt fractions. Also, there is no correlation of REE 
content to clay mineralogy (Cullers et al., 1979).
2) there is little or no difference in REE characteristics in the 
grain sizes ranging from <1 micron to about 20 microns (medium-fine 
silt) but overall, the silt fraction tends to have lower total REE 
than the clay fraction (the shape of the pattern is the same). Also, 
there is no obvious correlation between REE content and clay mineral 
to quartz ratio in the silt fraction (Cullers et al., 1979).
3) the sand fraction tends to have lower total REE and less 
fractionated patterns (lower (La/Yb)N) than silt and clay fractions.
4) the sand fraction minus heavy minerals has lower total REE and 
higher (La/Yb)N than the entire sand fraction, suggesting the heavy 
mineral suite is HREE-enriched and high in total REE. The silt 
fraction appears to exhibit similar characteristics but the effects of 
heavy minerals may be less pronounced.
5) the nature of the Eu-anomalies is more or less identical in all of 
the fractions considered.
A1.9 EFFECTS OF WEATHERING
Few studies are available on REE behavior during weathering (see 
Ronov et al., 1967; Cullers et al., 1975; Nesbitt, 1979; Duddy, 
1980). It is generally agreed that there is an overall enrichment of 
REE in weathering profiles but the nature and magnitude of such 
enrichments are difficult to judge since most studies to date have not 
considered volume changes or have had to assume an element, other than 
the REE, to be completely immobile during weathering. The enrichment 
of REE is generally restricted to zones of alkaline weathering; with 
acidic zones (ie.- soils; upper levels of weathering) being less 
enriched or even depleted in REE relative to the fresh rock. A 
possible mechanism for mobility of REE in weathering profiles can be 
explained as follows (see Ronov et al., Nesbitt, 1979):
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1) low pH solutions, possibly containing organic acids, percolate 
through the soil and dissolve soluble cations, including some REE. 
Depending on the precise properties of the solution, transport of REE 
would be facilitated by carbonate or hydroxy complexes.
2) as these solutions reach zones of fresher rock, they react with the 
fresh minerals (plagioclase, biotite, etc.) to form clay minerals. 
This results in an increase of pH and the REE are precipitated.
Of more importance to sedimentary REE studies is the possibility 
of fractionation during weathering. In general, there appears to be 
an increase in (La/Yb)N in the weathering profile (Ronov et al., 1967; 
Duddy, 19Ö0), although Nesbitt (1979) claimed to have recognized a 
profile with HREE enrichment. Interestingly, these studies also show 
that in the uppermost zones of weathering, the acid stage of Ronov et 
al. (1967), where most active erosion is occurring, REE 
characteristics tend to revert to those similar to the parent rock.
Ronov et al. (1967) have concluded that the intensity of the 
effects noted above are very much related to the rock type being 
weathered. Thus rocks with unstable mineralogy such as ultramafics 
and mafics will show considerably more effect than rocks with 
relatively stable mineralogy, such as granites and granodiorites.
It is generally agreed that the transport of REE into sedimentary 
basins is primarily a result of mechanical rather than chemical 
transport (Nance and Taylor, 1976; Haskin and Paster, 1979; Nesbitt, 
1979; also cf. low REE abundances in natural waters - above). Thus, 
it is unlikely that redistribution of REE within weathering profiles 
would have a significant effect on REE patterns in well mixed 
sedimentary rocks. This suggestion has support from experimental 
evidence. McLennan et al. (1979a) examined sedimentary rocks from 
the Early Proterozoic Huronian succession. Various formations were 
derived from similar provenance but had very different weathering 
histories (determined from major element considerations). Glacial 
mudstones (Gowganda Formation), derived from an unweathered source, 
had essentially the same REE characteristics as mudstones derived from 
a weathered source (McKim and Pecors Formations).
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AI -10 EFFECTS OF SEDIMENTARY TRANSPORT AND ENVIRONMENT
The most important feature of sedimentary transport which would 
likely affect REE patterns in sedimentary rocks is sorting. As noted 
above, various size fractions tend to have different REE abundances 
(although the shape of the REE patterns are similar). The 
concentration of heavy minerals could also affect the REE pattern 
since such material is probably enriched in HREE (see above). 
Although such effects could be very important in determining sandstone 
(and some siltstone) compositions it is unlikely that the influence is 
as important in fine-grained sedimentary rocks since REE content and 
(La/Yb)N does not correlate with size fractions finer than about 
medium to fine silt and heavy minerals do not tend to concentrate in 
such rocks (see Section A1.5). Also, it should be recalled that 
fine-grained sedimentary rocks, while having higher total REE, display 
the same REE pattern as associated unsorted coarse elastics such as 
greywackes and tillites (see above).
The climatic environment in which sediments are deposited could 
have some effect on REE patterns. Balashov et al. (1964) and Ronov 
et al (1967) found little fractionation of REE between continental and 
pelagic sedimentary environments for sediments deposited in arid 
environments but did observe a marked decrease in (La/Yb)N for 
sediments deposited in humid environments. Overall, however, these 
effects are probably not great and Ronov et al. (1967) concluded, 
"...fractionation of the RE plays an insignificant role in the 
sedimentary cycle as a whole".
A1.11 EFFECTS OF DIAGENESIS
Chaudhuri and Cullers (1979) have examined the effects of 
diagenesis on Pliocene-Miocene sediments from the Gulf Coast, 
Louisiana. The sediments, taken from cores in a deep well (1.81 to 
4.77 km depth), have REE patterns similar to typical post-Archean 
sedimentary rocks but were slightly to moderately enriched in total 
REE. It was noted that total REE and (La/Yb)N decreased by about 
20-30$ for bulk samples and clay fractions with depth. The magnitude 
of the Eu-anomalies, similar to post-Archean sedimentary rocks, 
remained constant. The changes in REE characteristics were not easily 
correlated with mineralogical and geochemical changes associated with
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diagenesis. It was concluded that the changes in REE characteristics 
were mainly controlled by provenance considerations rather than 
diagenesis.
A 1.12 EFFECTS OF HYDROTHERMAL ALTERATION
The possibility of hydrothermal alteration or metamorphism is 
considerably less in sedimentary rocks than in igneous rocks, such as 
ocean basalts. Mobility of REE (particularly LREE) has been suggested 
during submarine weathering, hydrothermal alteration, spilitization 
and lower greenschist metamorphism associated with hydrothermal 
activity (Floyd, 1977; Heilman and Henderson, 1977; Humphris et al., 
1978; Ludden and Thompson, 1978).
Martin et al. (1978) demonstrated that considerable REE were 
added to a Cambrian quartzite sequence during fenitization. No 
differences in the effects of fenitization were seen between sodic and 
potassic trends of metasomatism.
During the present investigation, extreme REE mobility was noted 
in Early Proterozoic sedimentary rocks from the Pine Creek 
Geosyncline associated with uranium mineralization. These data are 
discussed in more detail in Chapter 5 and have been reported in two 
publications, reproduced in Appendix 8 (McLennan and Taylor, 1979b, 
1980c). In general, extreme REE mobility with LREE depletion and HREE 
enrichment relative to unmineralized sedimentary rocks were noted and 
could be correlated with U-mineralization. No simple mineralogical 
control was obvious and it was suggested that REE were mobilized with 
U as carbonate complexes in low temperature, oxidizing and alkaline 
ore solutions.
Al . 13 EFFECTS OF METAMORPHISM
Most of the rocks dealt with in the present investigation have 
been affected by some degree of metamorphism, generally lower- to 
mid-greenschist facies. Archean samples from West Greenland have been 
affected by amphibolite facies metamorphism and at least one sample 
was in close proximity to granulite rocks (V.McGregor, pers. comm.). 
It is important, therefore, to determine possible effects of
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metamorphism on the REE distribution of the rocks.
It is generally considered that REE are relatively immobile 
during metamorphism, however, there are still few detailed studies. 
Green et al. (1969, 1972) detected no mobility of REE in high grade 
metamorphosed (amphibolite to granulite) igneous rocks from Norway. 
Similarly, in a study of Silurian pelitic schists, Cullers et al. 
(1974) found no effects on REE distribution in the greenschist to 
amphibolite metamorphic range. Muecke et al. (1979) examined REE in 
high grade metamorphic (also metasomatized) rocks (amphibolite to 
granulite) from Canada and Scotland and found no mobility associated 
with the metamorphism.
Mobility of the REE in certain metamorphic conditions has been 
documented. Studies on low temperature metamorphism such as 
hydrothermal alteration (see above section) and zeolite metamorphism 
(Wood et al., 1976) have documented some LREE mobility. At the other 
end of the scale, Frey (1969) found the LREE were mobile when 
brown-green amphibolite from the Lizard Peridotite intrusion was 
metamorphosed to pyroxene granulite. He suggested transport in a 
fluid phase. More recently, Collerson and Fryer (1978) have suggested 
HREE mobility due to carbonate complexing in fluid phases associated 
with granulite metamorphism and granite production in Archean 
terrains, although this suggestion has been criticized by Hanson 
(1980).
Menzies et al. (1979) performed hydrothermal experiments on a 
glassy tholeiite at temperatures of 150-350C and water/rock mass 
ratios of 10-125. They found the REE were immobile even when basalt 
was altered totally to clay. A number of other experimental studies 
(Cullers et al., 1973; Zielinski and Frey, 1974; Flynn and Burnham, 
1978) have also shown that REE have very large silicate melt-aqueous 
fluid and mineral-aqueous fluid distribution coefficients, suggesting 
extremely large water/rock ratios would be necessary during 
metamorphism to cause significant changes in REE patterns.
In summary, it appears likely that REE are relatively immobile 
during most metamorphic processes up to at least amphibolite grade. 
Metamorphism associated with very abundant volatile content may 
produce some REE mobility.
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Discussion on ‘Chemistry, thermal gradients and evolution of the lower 
continental crust’ by J. Tarney & B. F. Windley
Journal  Vol. 134, 1977, pp. 153-72
S. R. Taylor & S. M. McLennan
Tarney & Windley (1977) questioned the andesite 
model for crustal growth (Taylor & White 1966; 
Taylor 1967; Jakes & Taylor 1974; Taylor 1977). 
Much of their argument is based on rare earth element 
(REE) data from Archaean granulites, which they 
claim are representative of the lower continental crust. 
We wish to point out inconsistencies and errors in 
their arguments and to show that the REE data are 
very much in agreement with the andesitic model for 
the growth of the continental crust.
The most damaging comment against the andesite 
model is their calculation (Tarney & Windley 1977, 
fig. 1) of the REE pattern in the lower continental 
crust. Using a value for andesite (representing the bulk 
crust) and average sedimentary rocks (representing the 
upper crust) they calculated a lower crustal composi­
tion which has a strong positive Eu-anomaly and 
extremely low LREE (in fact there is no La or Ce!). 
They stated that their andesite value was taken from 
Nance & Taylor (1976); this is incorrect, since no 
andesite value is reported in that paper, nor is an 
andesite value reported in the only other paper by 
those authors (Nance & Taylor 1977).
Tarney & Windley do not tabulate their REE val­
ues, but estimates can be made from their chondrite- 
normalized plots. Their values are compared (Table 1) 
with the estimates of Taylor (1977, 1979) for the bulk 
continental crust, based on the andesite model. The 
upper crustal estimate (Nance & Taylor 1976) and the 
correct calculation for the lower crust (assuming the 
upper crust is 3 of the whole crust) are also given in 
Table 1. These values are plotted in Fig. 1. In marked 
contrast to Tarney & Windley’s calculations, the REE 
pattern for the lower crust is characterized by a posi­
tive Eu-anomaly (Eu/Eu* = 1.16) and LREE enrich­
ment (LREE/HREE = 3.2).
How do these calculations compare with young 
granulite compositions? In Tarney & Windley (1977, 
fig. 3) CeN/YN is plotted versus YN (i.e. chondrite 
normalized values) for various granulite suites. The 
estimate of the lower continental crust (Taylor 1977, 
table 1) has CeN/YN = 2.09 and YN=10. This plots 
within the field of young granulites from Poland (T 
and W’s, fig. 3d) and even compares favourably with 
Lewisian granulite with <60% Si02 (T and W's, fig. 
3b).
Granulite xenoliths, recovered from the Lesotho 
kimberlites, have been reported by Rogers & Nixon 
(1975; cited in Tarney & Windley 1977) and Rogers
(1977). Tarney & Windley dismiss this data since the 
preliminary findings of Rogers & Nixon suggested 
pressures of 5-8 kbar (Tarney & Windley 1977). 
Recent petrological and experimental data (Rogers 
1977) have demonstrated pressures in excess of 9 
kbars for these xenoliths. This is well within the realm 
of lower crustal depths (probably >30 km) and puts 
new significance on these data. The averages and 
ranges for the composition of 6 Lesotho granulite 
xenoliths (Rogers 1977) are given in Table 1 (REE 
data for sample PHN 2588 is excluded since no LREE 
data was given). The rare earth averages are plotted 
on Fig. 1. Ba and Sr contents are not considered 
meaningful since contamination from the host kimber­
lite was likely (Rogers 1977). The major element data 
differ significantly in Si02 and A120 3. The other 
crustal estimates are either close to the average or fall 
within the range of the Lesotho xenoliths. We find 
such comparisons most promising since it would be 
naive to consider anything but a rather chemically 
complex crust. The trace element data compare par­
ticularly well (except for Ba and Sr). The REE data is 
compared with the crustal estimates on Fig. 1. The 
Lesotho data have a stronger positive Eu-anomaly and 
slightly lower LREE/HREE than Taylor’s crustal esti­
mate (i.e. a lower crust with precisely opposite REE 
characteristics to those predicted by Tarney & Wind- 
ley). Even with these minor differences between the 
Lesotho xenoliths and Taylor’s (1977) estimate, the 
comparison is remarkably good. We consider these 
observations, along with the good comparison of REE 
characteristics in the young Polish granulites (Tarney 
& Windley 1977), and Taylor’s estimate of lower 
continental crust, as very good evidence that the 
model for crustal growth by lateral accretion of an­
desitic island arcs is valid.
A second major point concerns the selection of 
candidates for lower crustal samples. Tarney & Wind- 
ley claimed that the modern lower continental crust is 
of granulite composition, for which there is some 
seismic and petrological support. They then go on to 
assume Archaean granulites are representative of the 
lower continental crust. We do not feel this assump­
tion is necessarily valid. It is now well established from 
REE in sedimentary rocks (e.g. Nance & Taylor 1976, 
1977; Taylor 1977, 1979) that there is a fundamental 
difference in the composition of the upper crust be­
tween the Archaean and post-Archaean. McLennan et 
al. (1979) related this change to an essentially episodic
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1 2 3 4 5
S i 0 2 - 58 . 0 6 6 . 0 54 . 0 48 . 1  ( 4 5 . 2 6 - 5 1 . 2 4 )
T i 0 2 - 0 . 8 0 . 6 0 . 9 0 . 9  ( 0 . 3  5- 1 . 64 )
A12 0 3 - 18 . 0 16 . 0 19 . 0 16.  3 ( 1 4 . 4 0 -  1 7 . 8 8 )
FeOT - 7 . 5 4 . 5 9 . 0 10.  J ( 9 . 6 2 - 1 2 . 8 3 )
MgO - 3 . 5 2 . 3 4 . 1 8 . 8  ( 7 . 0 2 - 1 0 . 2 6 )
CaO - 7 . 5 3.  5 9.  5 9 . 7  ( 8.  2 3-1 1 . 5  5)
N a 2 0 - 3. 5 3. 8 3.4 3. 1 ( 1 . 6 5 -  4 . 9 9 )
k2 o - 1 . 5 3 . 3 0 . 6 1. 1  ( 0 . 4 0 -  2 . 08 )
Ba - 350 700 175 2000 ( 500- 3800  )
Nb - 11 25 4 5. 3  ( 2- 13 )
Rb - 50 110 20 18. 8 ( 8- 31 )
S r - 400 350 425 780 ( 1 95- 1050  )
Zr - 100 240 30 34 . 5  ( 13- 103 )
Y - 22 27 20 11 ( 4- 27 )
La 10 19 38 9.  5 _
Ce 24 38 80 17 15. 4  ( 3 . 9  - 3 6 . 7  )
Pr 3 . 0 4 . 3 8 . 9 2 . 0 -
Nd 14 16 32 8 . 0 10 . 2  ( 2.8 - 2 3 . 6  )
Sm 3. 6 3. 7 5. 6 2 . 8 2 . 6  ( 0 . 8  - 5 . 6  )
Eu 1. 2 1.  1 1.  1 1.  1 1 . 2  ( 0 . 6  - 1 . 9  )
Gd 3. 8 3. 6 4 . 7 3.  1 2 . 9  ( 1 . 0  -  6 . 6  )
Tb 0 . 6 6 0 . 64 0 . 77 0 . 58 0 . 4 8  ( 0 . 2  - 1 . 0  )
Dy 4. 4 3. 7 4 . 4 3. 4 -
Ho 0 . 93 0 . 8 2 1 . 0 0 . 7 3 -
Er 2 . 7 2 . 3 2 . 9 2 . 0 -
Tm 0. 37 0 . 4 0 . 5 0 . 3 5 0.  2 3 ( O1O
Yb 2 . 5 2 . 2 2 . 8 1. 9 1 . 5  ( 0 . 8  -  3 . 0  )
Lu 0. 37 0 . 3 0 . 4 0 . 2 5 0 . 2 8  ( 0 . 2  -  0 . 5  )
Eu/Eu* 1 . 0 0 . 67 0 . 9 5 1 . 16 1. 35
T a b l e  1. Geochemical data (Major elements in weight %, 
trace elements in ppm). (1) Average andesite. Values esti­
mated from chondrite-normalized plots (Tarney & Windley 
1977). (2) Average composition of the bulk continental crust 
(Taylor 1979, in press). Data derived from estimates of the 
average andesite by various authors (see Taylor, in press, for 
details). (3) Average composition of the upper continental 
crust (see Taylor, in press, for details). (4) Average composi­
tion of the lower continental crust. Values represent residual 
following extraction of the upper crustal values (col. 3) from 
the bulk crust composition (col. 2), assuming the upper crust 
represents 5 of the whole crust. (5) Average and ranges (in 
brackets) for 6 Lesotho granulite xenoliths (Rogers 1977). 
Only 4 REE analyses are included (sample PHN 2588 was 
excluded due to lack of light rare earth data). Gd was esti­
mated for 2 samples and Tm for 1 sample from chondrite- 
normalized plots.
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o Up p e r  Cr  ust  
• T o t a l  
▼ Lower
■ Le s o t h o  Xe n o l i t h s
Sm E u Gd  Tb Dy Ho ErLa C e Tm Yb Lu
F ig . 1. Chondrite-normalized REE patterns for the upper, lower and bulk continental crust. Data from Table 1. 
Note the Eu enrichment and light REE enrichment in the lower crust. Also shown for comparison is an average of 4 
lower crustal granulite xenoliths from Lesotho kimberlites (Rogers 1977) (data from Table 1). Note the close 
resemblance between this pattern and those predicted for the lower crust from the ‘andesite’ crustal model (Taylor 
1977, 1979).
intrusive event at the end of the Archaean. A major 
crustal event at this time is also supported by the 
Sm-Nd systematics (McCulloch & Wasserburg 1978) 
and Srs7/SrH6 in sea water (Veizer 1976; Veizer & 
Compston 1976). Whether this event is related to a 
period of crustal growth (as appears from the Sm-Nd 
evidence) or simply a chemical redistribution within 
the crust is unclear. In either case, it must have had 
a profound influence on the composition of the 
crust, including the lower crust. Based on these 
arguments, we cannot accept that Archaean granulites 
necessarily represent the modern lower continental 
crust.
Even if the above statements are ignored, we feel 
that present understanding of REE geochemistry 
places suspicion on Tarney & Windley’s interpretation 
of Archaean high grade gneiss REE patterns. These 
patterns are characterized by very fractionated pat­
terns with high LREE/HREE and low HREE. Eu- 
anomalies are variable, but no anomaly to slightly 
negative ones are most common. In their discussion of 
other large ion lithophile elements Tarney & Windley 
noted the depletions in K, Rb, Cs, U and Th relative 
to younger granulites and normally expected values. 
They justifiably ascribe these characteristics to secon­
dary processes which were uniquely predominant in 
the Archaean and place particular importance on 
C 02-rich fluids. For many years, the Russian workers
(e.g. Naumov 1959; Kosterin 1959) have drawn atten­
tion to the significance of hydrothermal complexing 
(particularly carbonate complexing) in mobilising 
many elements, including the rare earth elements. This 
work shows that REE can be mobilized as carbonate 
complexes and that the heavy REE tend to be pref­
erentially removed. This suggests that HREE depleted 
patterns seen in Archaean granulites may be a secon­
dary feature. This question of Archaean granulite 
REE evidence was reviewed by Collerson & Fryer 
(1978), who came to identical conclusions.
Finally, a statement on Precambrian (especially 
Archaean) crustal growth seems warranted. The andesite 
model for crustal growth naturally assumes conven­
tional plate tectonic processes. There is evidence for 
rather typical calc-alkaline andesitic volcanics in the 
Archaean, such as the Marda complex (Hallberg et al. 
1976; Taylor & Hallberg 1977), but these occurrences 
seem exceedingly rare. There is a growing consensus 
that the vast body of evidence argues against conven­
tional plate tectonic processes for the Archaean (Fyfe 
1973, 1974, 1978; Hargraves 1976; McElhinny & 
McWilliams 1977; Kroner 1977; Gorman et al. 1978; 
Taylor 1979). How (or even if!) the crust grew during 
the Archaean is enigmatic and remains a fascinating 
problem for geologists.
A c k n o w led g em en ts . We are grateful to Dr Ken Collerson 
for constructive comments.
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APPENDIX 3
SAMPLING, ANALYSES AND NOTATION *
A3 -1 SAMPLE SELECTION
The present investigation is concerned with examining the trace 
element geochemistry of sedimentary rocks, with the objective of 
discerning the composition of the continental crust at various times 
in Earth history. There are exceedingly few studies published which 
are relevant to this problem. Accordingly, sample selection is a 
non-trivial problem. With few exceptions, samples chosen were 
fine-grained clastic sedimentary rocks (shales, mudstones, etc.). 
Thus, samples with a significant carbonate component, or with abundant 
sand-sized grains, were avoided where possible. Three exceptions are 
noteworthy. Samples from Henbury are subgreywackes and descriptions 
of these samples along with the tektites and impact glasses are given 
in Taylor and McLennan (1979c; see Appendix 6). Sedimentary samples 
from the Archean Yellowknife Supergroup were either sandstones or 
mixtures of greywackes and mudstones. Accordingly, these samples are 
considered separately from the rest. Details regarding sample 
descriptions and analytical methods (which were different from those 
used for the rest of the samples in this study), for this material, 
are given in Jenner et al. (1961; see Appendix 7) and not commented 
on further. Samples from the Archean of West Greenland (Isua, Akilia, 
Malene) are highly metamorphosed (amphibolite grade, occasionally 
approaching granulite grade) metasedimentary rocks. They are 
completely recrystalized with no clear trace of original mineralogy or 
texture. The original lithology cannot be determined with confidence. 
In general discussions, only samples with major element compositions 
consistent with being mudstones or shales are considered.
With few exceptions, all samples have been examined in hand
* - References are included with main reference list (p.200).
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specimen and thin section, but detailed petrological descriptions we re 
not attempted. There are a number of reasons for this. Firstly, 
there is little mineralogical information which can be acquired from 
petrographical observation of fine-grained sedimentary rocks, other 
than on silt- and sand-sized grains. There is no textural information 
which reveals diagnostic information regarding provenance. Finally, 
the samples examined for this thesis represent sedimentary sequences 
which are widely separated in space and time. Metamorphic grade is 
highly variable among the various sequences, ranging from virtually 
unmetamorphosed to approaching granulite grade. Thus, mineralogy is 
not always original and mineralogical comparison among the samples 
reveals little useful information. X-ray diffraction powder patterns 
were obtained for most samples. These data, along with details of 
sample locations, for samples examined in this study are listed in 
Table A3.1.
Sedimentary rocks from the following Archean sequences were 
examined in some detail:
1) Isua Supracrustals - Akilia Association, West Greenland
2) Fig Tree Group, Barberton Mountain Land, South Africa
3) Moodies Group, Barberton Mountain Land, South Africa
4) Gorge Creek Group, Pilbara Block, Western Australia
5) Malene Supracrustals, Godthab region, West Greenland
6) Pongola Supergroup, southeastern Africa
7) Yellowknife Supergroup, Slave Structural Province, N.W.T., 
Canada
Sedimentary rocks from the following post-Archean sequences were 
examined in some detail:
1) Mount Bruce Supergroup, Hamersley Basin, Western Australia
2) Pine Creek Geosyncline, Northern Territory, Australia
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Several partial analyses (emmision spectrographic data) as well 
as several new analyses from various other sequences were also 
obtained and are detailed where relevant throughout the text.
A3.2 ANALYTICAL METHODS 
A3.2.1 Introduction
Geochemical studies which deal in concentrations of less than 100 
parts per million and commonly less than 1 part per million require a 
careful, precise and accurate approach. Although there are several 
noteworthy examples of high quality trace element studies of 
sedimentary rocks, in general, this approach has not been adopted to 
the same extent as with igneous geochemical studies. The number of 
trace element studies of sedimentary rocks are large but those which 
can claim high levels of accuracy and precision are remarkably scarce. 
Trace element analyses in the ppm range, which cannot document 
analytical uncertainty levels on the order of ±10-15$, are of little 
value in modern geochemical study.
Recent advances in instrumentation (e.g. X-ray fluorescence, 
neutron activation, mass spectrometry, etc.) have resulted in 
significant improvements in potential accuracy and precision levels. 
The cornerstone in acheiving these high levels of analytical quality 
remains the careful and continuous analyses of well documented 
standard rocks of appropriate composition. This allows the monitoring 
of sample preparation techniques, instrument operation, calibration 
and potential laboratory contamination. Such an approach is now well 
established in most igneous geochemical studies and it must be adopted 
in sedimentary geochemical studies, if significant advancements are to 
be made.
In many laboratories, it has become popular to perform analyses 
on composite samples, involving dozens or even hundreds of samples as 
a 'short cut’ in determining averages or trends. Such an approach 
must be severely challenged, particularly for trace element analyses. 
For example, assume we had 100 samples of shale from a single 
formation, 99 of which had U content in the range 1-2 ppm and one 
sample with U content of 1,000 ppm (a level which could not be 
suspected from petrographical study). If we analysed 10 samples,
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including the high-U sample, the aberrant sample would be easily 
identified and a reasonable average could be determined. On the other 
hand, if we made a single 100 sample composite, we would obtain a 
result which was a factor of 5-10 away from any meaningful average. 
Accordingly, composite samples have not been analysed in this study 
and only rarely are considered from the literature (e.g. the large 
sampling programs in the Canadian Shield, to acquire upper crustal 
averages).
A3.2.2 Sample Preparation
Hand samples ranged from less than 250g to about 25kg. From 
large samples, approximately 500g of representative material was 
taken. All visibly weathered or altered surfaces were removed. 
Samples were passed through manganese steel jaw crushers, twice, to 
reduce grain size to about <0.5 cm. Samples were successively coned 
and quartered to extract 30-50g of representative material. This was 
further crushed in an agate Siebtechnik swing mill for about 5-7 
minutes to reduce grain size to about 150-200 mesh.
A3.2.3 Major Element Analyses
Approximately 30-50 milligrams of sample was fused and quenched 
on a Mo-strip furnace in an argon atmosphere at about 50 psi. The 
glass bead was mounted in epoxy, polished and analysed for major 
elements on a TPD energy dispersive electron microprobe using the 
technique of Reed and Ware (1975) and Ware (1981). The following 
instrument conditions were employed: accelerating voltage, 15 kV; 
beam current, 3 nA; counting time, 100 seconds live time at an output 
rate of about 4,700 cps. At all times, a defocused beam was used to 
maximize the area being analysed. Data were reduced on an on-line 
computer using the OXIDE program of Ware (1981).
In Table A3.2, results on the U.S.G.S. standards BCR-1 and AGV-1 
are reported and compared to the recommended values of Abbey (1980). 
Standard deviations, listed on Table A3.2 give some idea of expected 
precision. Accuracy, by this technique, has been estimated at about 
+.2$ for most elements which are well above detection limits (Reed and 
Ware, 1975). Detection limits are as follows: 0.10$, Si02, A1203, 
FeO, MgO, Na20; 0.09$, MnO; 0.07$, Ti02; 0.06$, CaO; 0.05$, K20.
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In the present study, approximately 8-12 analyses were collected 
on each glass bead, depending on precision, and two glass beads were 
analysed for many samples. In all cases, reproducibility was 
comparable to precision listed in Table A3.2.
Most samples were analysed for Mn by emission spectrography (see 
Section A3.2.4) accounting for values below microprobe detection 
limits. Where MnO values are listed as below detection limits (*), a 
value of less than 0.09% is indicated. Similarly, a number of samples 
with very low Ca abundances were analysed by inductively coupled argon 
plasma spectroscopy by J.M.G.Shelley. Where CaO values are listed as 
below detection limits, a value of less than 0.06% is indicated.
Loss on ignition (L.O.I.) was determined by weight loss on about 
0.5-1.0g of sample ignited to 1,100C in alumina crucibles. All 
samples were analysed in duplicate and all duplicate analyses agreed 
to ±3%.
A3.2.4 Emission Spectrographic Analyses
The concentrations of the elements Mn, Cr, V, Sc, Ni, Co, Cu, Ga 
and B were determined by emission spectrography, using the techniques 
of Ahrens and Taylor (1961) and Taylor et al. (1970).
Samples of 75-100 milligrams weight were added in exact 
proportions of 1:3 to powdered spectroscopic carbon containing 
approximately 140 ppm Pd as "Specpure" (NH3)4Pd(N03)2 as internal 
standard. Samples and carbon were mixed thoroughly and arced in a 3.4 
m Jarrell-Ash Ebert Grating Spectrograph (Model 71-100). Operating 
conditions and analytical wavelengths are listed on Table A3.3*
Line intensities were read from the photographic plates on a 
Jarrell-Ash microphotodensitometer (Model 23-100). Background 
intensities and interferences were measured and corrected where 
necessary (see Ahrens and Taylor, 1961). Calibration curves were 
constructed using the U.S.G.S. standards W-1, BCR-1, BHVO-1 and the 
Geological Survey of Canada standard SY-1, based on the 
self-calibrating methods of Ahrens and Taylor (1961). The U.S.G.S. 
standard SCo-1 was run as an unknown.
296.
TABLE A3.3 Emission spectrograph operating conditions and analytical 
wavelengths.
Instrument: Jarrell-Ash Ebert 3.4 m Grating Spectrograph
(Model 71-100) - 
system.
three lens condensing
Slit width: ep-o»H
Slit height: 10.5 mm.
Step Sector: 8 steps with 2:1 ratio.
Anode: National L4261
Cathode: National L3863
Current: 10 amp DC
Preburn: 10 sec.
Exposure: 2.5 min.
Photoplates: 2 Ilford N.30
Analytical wavelengths (A) : Pd 3460.8
B 2497.73
Mn 2801.06
Ga 2943.64
Cu 3273.96
Ni 3414.765
Co 3453.505
Sc 4246.829
Cr 4254.346
V 4379.24
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Detection limits are as follows: 10 ppm, Mn; 5 ppm, B, Ni, Co, 
V; 3 ppm, Ga; 2 ppm, Sc; 1 ppm, Cr; 0.5 ppm, Cu (Ahrens and 
Taylor, 1961; S.R.Taylor, pers. comm.).
Results on the standard SCo-1 are reported and compared to the 
recommended values of Abbey (19Ö0) on Table A3.4. The standard SCo-1 
is relatively new and not thoroughly analysed, however, the available 
data compare favourably to the results of this study. Typical 
analytical uncertainty by this technique is about +.10£ (S.R.Taylor, 
pers. comm.).
A3.2.5 Spark Source Mass Spectrometry
Most samples were analysed for a number of trace elements by 
spark source mass spectrometry. The details of the technique have 
been thoroughly described (Taylor, 1965b,c, 1971, 1979b, Taylor and 
Gorton, 1977; McLennan and Taylor, 19&0a). This technique provides 
quantitative data for the elements U, Th, Bi, Pb, Tl, W, Hf, Ba, Cs, 
Sn, Mo, Mb, Zr, Y and 12 rare earth elements (excluding only Tm and 
Lu).
Samples expected to contain greater than about 4$ or more water 
were ignited at about 750C before analysis, since high volatile 
content affected the analysis by making electrodes extremely friable 
during sparking, resulting in breakage. Final concentrations are 
reported on a whole-rock basis to make them comparable to samples 
which were not ignited.
Approximately 100 milligrams of sample is mixed in exact 
proportions of 1:1 with powdered graphite (National Carbon Co. SP-1) 
containing about 50 ppm Lu in the form Lu203 (Johnson-Matthey 
Specpure) as internal standard. Approximately 40 milligrams of sample 
plus graphite mix are inserted into a 15x1 mm hole drilled in a 
polyethelene slug. Electrodes are then briquetted by placing the slug 
in a steel die and exerting a pressure of about 20 tonnes for about 30 
seconds.
Two electrodes are placed into the source of the mass 
spectrometer (AEI MS7) and the source is evacuated to 10exp-7 torr. 
The analyser is held at about 10exp-8 torr. A pulsed 25 kV RF spark
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TABLE A3.4 Emission spectrographic results for U.S.G.S. standard 
SCo-1 (in ppm).
This Study Recommended Other Values
value
(Abbey, 1980)
Mn 500 0.04% 0.05%1} , 5002) , 5543)
B 78 - 704), 765), 93.22)
Ni 31 30 28.51) , 28.12) , 26.76),
326)
Co 9 10 9.32) , 9.77) , 10.68)
V 138 115 1 2) 9)137.8 , 117 , 128
Ga 14 - 104) , 10.92) , 13.910)
Sc 15 11 19.31', 9.02', 11.47>, 
12.611*
Cr 64 65 59.02), 75.37), 67.08)
Cu 30 30 ^  6) „6) _ 012) 26.7 , 29.0 ,28 ,
_  12) ^  13)33.7 ,30.1
References:
1) Fabbi and Espos, 1976 (XRF).
2) Walthall et al., 1976 (E-spec).
3) Clemency and Borden, 1978 (AA)
4) Schultz et al., 1976 .
5) E. Kiss, pers.comm. (spectrophoto.)
6) Quintin et al., 1978 (XRF, AA).
7) Katz and Grossman, 1976 (NAA).
8) Van der Sloot and Zorderhuis, 1979 (NAA).
9) Chattopadhyay and Katz, 1978 (NAA).
10) Brenner and Harel, 1976 (E-spec.).
ID J.M.G. Shelley, pers .comm. (ICP).
12) Machack et al., 1976 (XRF, AA) .
13) Thomas et al., 1976 (AA) .
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is applied between the electrodes producing a beam of positive ions. 
The beam is focussed onto a photographic plate (Ilford Q2). Fifteen 
exposures typically ranging from about 1 to 250 nanocoulombs are 
collected on each plate and at least two plates are collected for each 
sample.
Line densities are read on a Jarrell-Ash microphotodensitometer 
(Model 23-100). Calibration techniques and other data reduction steps 
were recently given in Taylor (1979b) and Taylor and Gorton (1977). 
Full details on the problems of interference from complex molecular 
fragments, oxides and carbides and possible corrections have also been 
published (Taylor, 1979b; Taylor and Gorton, 1977; McLennan and 
Taylor, 1980a).
Accuracy and precision and factors affecting these values were 
discussed in detail by Taylor and Gorton (1977). Overall, typical 
analytical uncertainty is estimated at about +5$ for REE, U, Th, Fb, 
Hf, Ba and better than about ±10$ for other elements reported. 
Detection limits are governed greatly by the length of exposures, 
however, values of about 0.02 ppm can be obtained for most elements.
Results on the U.S.G.S. standard BCR-1 are reported and compared 
to other recommended values on Table A3.5. The comparison is 
excellent. A major problem in the field of sedimentary geochemistry 
has been the severe shortage of well documented standards of 
sedimentary rocks. The introduction of the U.S.G.S. standards SCo-1 
(Cody Shale), MAG-1 (Marine Mud) and SGR-1 (Green River Shale) has 
done much to alleviate this problem. During the course of the present 
study, these standards were carefully analysed and evaluated as 
sedimentary geochemical standards. The results have been published 
(McLennan and Taylor, 1980) and a copy of this paper is found in 
Appendix 4. Each of these three standards has unique geochemical 
properties which make it useful for certain types of studies. For 
example SGR-1 contains significant amounts of hydrocarbons and MAG-1 
is a marine mud containing some 4$ seawater salt. It has also been 
found that the Cody Shale, SCo-1 compares very favourably to an 
estimate of the average shale for at least 45 elements. Thus, the 
Cody Shale is considered to have the most potential as a geochemical 
standard for work dealing with typical sedimentary rocks.
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TABLE A3.5 S p a r k s o u r c e  mass s p e c t r o m e t r i c  r e s u l t s f o r  U . S . G . S .
s t a n d a r d BCR-1 ( i n  p p m ) .
T h i s T h i s Recommended
L a b o r a t o r y * S tu d y * * V a l u e s *
La 2 4 . 8 2 3 . 9 2 4 . 2
Ce 54.  3 5 2 . 7 5 3 . 7
P r 6 . 6 9 6 . 7 1 6 . 5 0
Nd 2 9 . 3 2 9 . 6 2 8 . 5
Sm 6 . 8 3 6 . 8 1 6 . 7 0
Eu 1 . 9 1 1 . 8 9 1 . 9 5
Gd 6 . 3 5 6 . 3 4 6 . 5 5
Tb 1 .0 5 1 . 0 8 1 . 0 8
Dy 6 . 3 6 6 . 6 4 6 . 3 9
Ho 1 . 3 3 1 . 3 6 1 . 3 3
E r 3 .7 9 3 . 8 1 3 . 7 0
Yb 3 . 2 7 3 . 2 5 3 . 4 8
Y 3 7 . 8 3 9 . 7 40
Th 5 . 7 8 6 . 3 7 6 . 2
U 1 . 5 3 1 . 5 2 1 . 6 5  (?)
Ba 655 611 680
Pb 1 3 . 1 1 0 . 8 1 3 . 5
Zr 194 200 195
Hf 5 . 3 0 5 . 4 1 5 . 3
Nb 1 4 . 1 1 4 . 4 1 3 . 5
Cs 0 . 8 7 0 . 7 2 0 . 9 2
Mo 1 . 4 4 1 . 4 5 1 . 5
Sn 2 . 5 0 2 . 4 7 2 . 5
T l 0 . 2 8 0 . 2 8 0 . 3
W 0 . 2 2 0 . 2 4 < 0 . 4
Bi 0 . 0 6 0 . 0 6 0 . 0 5
N o t e s :
* - a v e r a g e  o f  9 p l a t e s  t a k e n  by 4 o p e r a t o r s  d u r i n g  Nov.  1979 -  
March 1980 ( i n c l u d e s  d a t a  f o r  t h i s  s t u d y  -  s e e  n e x t  n o t e ) .
** - a v e r a g e  o f  2 p l a t e s  c o l l e c t e d  Nov.  1979 f o r  t h i s  s t u d y .
+ - r eco m m en d ed  v a l u e s .  REE from T a y l o r  an d  G o r t o n  ( 1 9 7 7 ) ;
o t h e r  d a t a  c o m p i l e d  f rom h i g h  q u a l i t y  d a t a  f rom t h e  l i t e r a t u r e .
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A3.3 Notation
Throughout this study, various notations are used which must be 
defined. In the tables and discussion, total iron is expressed as 
FeO. On the tables, a dash indicates no analysis has been made and an 
aster/sK indicates the concentration is below detection limits.
Discussions of rare earth element data have developed a series of 
notation of their own. The term 'total REE' indicates the sum of REE 
(La-Lu), including estimates of elements not specifically analysed. 
Estimates are made from chondrite-normalized graphs. LREE represents 
the sum of light REE (La-Sm) including estimates of elements not 
specifically analysed. HREE represents the sum of the heavy REE 
(Gd-Lu) including estimates of elements not specifically analysed. 
The values of (La/Yb)N, (La/Sm)N, (Gd/Yb)N, etc. represent the ratios 
of the chondrite-normalized values of the given elements. The value 
Eu/Eu* represents the ratio of Eu to the theoretical value of Eu if 
there was no chondrite-normalized Eu-anomaly (ie.- value of Eu derived 
by interpolation between Sm and Gd). For the chondrite values used in 
this study (see Appendix 1), this value is determined from the 
following equation:
Eu/Eu* = (Eu/.037) / [([Sm/.231] + [Gd/.306]) / 2]
Other notation used in this thesis is defined where introduced.
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ABSTRACT
McLennan, S.M. and Taylor, S.R., 1980. Geochemical standards for sedimentary rocks: 
trace-element data for U.S.G.S. standards SCo-1, MAG-1 and SGR-1. Chem. Geol., 29: 
333-343.
Spark source mass spectrographic (SSMS) analyses of 25 trace elements (U, Th, Bi, Pb, 
TI, Hf, Ba, Cs, Sn, Mo, Nb, Zr, Y and 12 rare earth elements) are reported on the U.S.G.S. 
sedimentary rock standards SCo-1 (Cody Shale), MAG-1 (Marine Mud) and SGR-1 (Green 
River Shale). Previous data for these samples are sparse. The rare-earth element (REE) 
contents of SCo-1 and MAG-1 are quite similar to those of average sedimentary rocks of 
post-Archean age. SGR-1 has much lower REE content and higher La/Yb than the other 
samples. SCo-1 compares very favourably to an estimate of the average shale, for 45 ele­
ments, and is considered an excellent reference standard for geochemical studies of sedi­
mentary rocks.
INTRODUCTION
The chemical composition of sedimentary rocks preserves much informa­
tion about their provenance, conditions of deposition and so on. The fine­
grained rocks, notably shales, represent the end-product of widescale sampling 
of exposed continental crust, so that their composition reflects, to some degree, 
an average of the upper crust. The uniformity of rare-earth element (REE) 
patterns in sedimentary rocks indicates that these 14 elements suffer little 
relative fractionation during sedimentary processes [see review by Haskin and 
Paster (1979)]. Thus, they preserve a record of the upper-crustal average REE 
pattern, an important geochemical constraint on models of crustal and mantle 
evolutionary processes. For example, it has been found that REE patterns in 
sedimentary rocks are remarkably consistent as far back as the Archean— 
Proterozoic boundary [see recent review by Taylor and McLennan (1980)]. 
Archean REE patterns, on the other hand, are very different. This has been 
taken as evidence for an episodic change in the composition of the upper 
continental crust, related to igneous activity at the Archean—Proterozoic
0009-2541/80/0000—0000/$02.25 ©1980 Elsevier Scientific Publishing Company
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boundary (McLennan et al., 1979; Taylor, 1979a; Taylor and McLennan, 
1980). Average compositions of Australian Archean sedimentary rocks (AAS) 
and Post-Archean Average Australian sedimentary rocks (PAAS) are given in 
Table I and chondrite-normalised plots (chondrite-normalising factors are 
given in Table I) are shown in Fig.l.
TABLE I
Rare-earth element (REE) and Y concentra tions (in ppm ) in U.S.G.S. standards, AAS, 
PAAS and chondrites
Sample SGR-1 MAG-1 SCo-1 A A S *4 PA A S *5 C hondri tes*6
La 20.5 39.3 29.7 12.6 38 0.367
Ce 38.1 91.5 63.4 26.8 80 0.957
Pr 4.12 10.9 7.62 3.13 8.9 0.137
Nd 15.4 42.6 27.9 13.0 32 0.711
Sm 2.66 7.96 5.07 2.78 5.6 0.231
Eu 0.50 1.47 1.03 0.92 1.1 0.087
Gd 1.94 5.55 4.00 2.85 4.7 0.306
Tb 0.33 0.84 0.64 0.48 0.77 0.058
Dy 1.77 5.02 3.79 2.93 4.4 0.381
Ho 0.39 1.12 0.83 0.63 1.0 0.0851
Er • 1.11 3.16 2.39 1.81 2.9 0 .249
T m * 1 0.14 0.43 0.32 0.26 0.40 0 .0356
Yb 0.97 2.95 2.25 1.79 2.8 0.248
L u * 1 0.15 0.45 0.34 0.27 0.43 0.0381
x R E E 88.1 213.3 149.3 70.3 183.0 3.89
La/Yb 21.1 13.3 13.2 7.0 13.6 1.48
E u /E u * (* 2> 0.67 0.68 0.70 1.0 0.66 —
LaN /Y b N * 3 14.3 9.0 8.9 4.8 9.2 —
Y 12.5 30.8 23.7 - - -
* '  Values for T m  and Lu estim ated  from chondrite-normalised plots.
*2 Eu* is theoretical value o f  Eu for no chondrite-normalised  Eu anomaly.
*3 Where inferior N refers to  chondrite-normalised value.
*4 F ro m  Taylor  and M cLennan (1980).
* 5 F ro m  Nance and T aylor (1976).
*6 Chondrite-normalising factors derived from T y p e  I carbonaceous chondri te  abundances 
(Evensen e t  al., 1978; Mason, 1979) multiplied by 1.5 to  allow for removal o f  volatiles.
Accordingly, much interest has been generated recently in the trace-ele­
ment geochemistry of fine-grained sedimentary rocks. Trace-element analyses 
are carried out by many techniques of varying reliability, precision and 
accuracy. The considerable experience now gained with analyses of igneous 
rocks illuminates the importance of adequate interlaboratory comparison 
standards.
In spite of the proliferation of geochemical reference samples, there has 
continued to be a severe shortage of well-documented standards of sedi-
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o A AS
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Tm Yb
Fig. 1. Rare-earth element (REE) diagram, normalized to chondrites, for the Average 
Archean Sedimentary Rock (AAS) and Post-Archean Average Australian Sedimentary 
Rock (PAAS). AAS is similar to typical modern calc-alkaline andesites while PAAS re­
sembles a typical granodiorite. The difference in sedimentary REE patterns has been 
attributed to a change in composition of the upper continental crust.
mentary rocks. The introduction of SCo-1 (Cody Shale), MAG-1 (Marine 
Mud) and SGR-1 (Green River Shale) by the U.S. Geological Survey (U.S.G.S.) 
(Flanagan, 1976) has done much to alleviate this problem. This paper reports 
spark source mass spectrographic (SSMS) analyses of a number of trace ele­
ments (including 12 REE) in SCo-1 (Split 37; Position 22), MAG-1 (Split 45 ; 
Position 23 ) and SGR-1 (Split 10; Position 1 7), and comments on the geo­
chemical characteristics of these standards.
ANALYTICAL METHOD
The samples were analysed for U, Th, Bi, Pb, Tl, Hf, Ba, Cs, Sn, Mo, Nb,
Zr, Y and REE (excluding only Tm and Lu) by SSMS. Details of this tech­
nique, including discussions of accuracy and precision and comparison of 
results of other well-analysed rocks (such as BCR-1) have been given by 
Taylor (1965a,b, 1971, 1979b), and Taylor and Gorton (1977). Under op­
timum conditions, analytical uncertainty for the elements reported here is 
about ±5%.
The instrument used was an AEI® MS7 mass spectrometer equipped with 
photoplate detection. Fifteen graded exposures (1—250 nC) were recorded 
on each photographic plate and three plates are made for each sample. This 
procedure generally results in at least 8—10 independent determinations for 
each element to ensure adequate precision. For the present study, at least 
ten readings were taken (and generally many more, with up to 38 determina­
tions, for example, for Nd in SCo-1) except for Tl (3 determinations on each 
sample), Mo (6 on SCo-1; 7 on MAG-1) and Bi (3 on MAG-1).
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Sample preparation
The most recent discussion of sample preparation, as used in this laboratory, 
was given by Taylor (1979b). Only minor modifications were employed for 
these samples. SCo-1 and MAG-1 were dried a t 110°C, and SGR-1 was ignited 
at about 600—650°C before analysis, since high water and volatile contents 
affect the mass spectrometric technique. Concentrations were corrected for 
weight loss (accurate to <0.1%).
Interferences
The significance of elemental, carbide, oxide and other molecular inter­
ferences and the importance of correction for these (particularly for REE) in 
SSMS analysis have been discussed by Taylor (1979b), and Taylor and Gorton 
(1977). Two further and unusual interferences were found in the present 
study which deserve comment. The unusually high concentration of Mo in 
SGR-1 (33.6 ppm) resulted in a 94Mo interference on 94Zr. This was corrected 
by the following:
'••Zr = r.Zr measured -  0.384 / , .Mo (94M o/98Mo = 0.384)
where I  is the standardized intensity value. The intensity of 173 Yb in MAG-1 
was much higher than expected from the intensities of 171Yb, 172Yb and 174 Yb. 
This sample is known to contain about 4% evaporated seawater salt. Further­
more, an unusually intense line was noted corresponding to 127I. Interference 
from the molecular species 23Na2127I+ could account for the 173Yb anomaly.
In any event, 173 Yb was not used in determining the Yb concentration for 
MAG-1.
RESULTS
REE and Y results were given in Table I and other trace elements are given 
in Table II. Meaningful interlaboratory comparison is severely hampered by 
lack of data, but available comparisons are given in Table III. From this 
table it can be seen (as is commonly the case in trace-element determinations) 
tha t a number of major discrepancies exist for several elements (e.g., Ba, Zr). 
The SSMS analyses agree extremely well with other highly accurate techniques 
such as isotope dilution mass spectrom etry and radiochemical neutron activa­
tion.
DISCUSSION
Rare-earth elements (REE)
The REE concentrations in the U.S.G.S. standards are shown normalised 
relative to chondrites in Fig. 2. All samples show significant light-REE enrich-
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TABLE II
Other trace-element concentrations (in ppm) in U.S.G.S. standards SCo-1, MAG-1 and 
SGR-1
Sample SGR-1 MAG-1 SCo-1
Th 4.74 10.4 7.06
U 4.85 2.38 2.49
Zr 50.7 140 158
Hf 1.43 3.79 4.56
Ba 278 453 598
Pb 48.8 27.2 36.2
Nb 7.68 19.7 15.7
Cs 5.16 9.49 8.85
T1 0.09 0.71 0.75
Sn 1.70 5.21 3.71
Mo 33.6 1.19 1.15
Bi 0.50 0.19 0.23
Th/U 0.98 4.37 2.84
Zr/Hf 35.5 36.9 34.6
Zr/Nb 6.6 7.1 10.1
Ba/Zr 5.52 3.24 3.78
Ba/Pb 5.70 16.7 16.5
ment and negative Eu anomalies. These features are expected for sedimentary 
rocks of post-Archean age (see above). MAG-1 and SCo-1 are very similar 
with La/Yb constant at about 13. SGR-1 differs from the other two samples, 
having much lower total REE content and a higher La/Yb of about 21. The 
low REE content is not surprising since this sample has an extremely high 
volatile content (over 40% weight loss when ignited).
As pointed out above, REE appear to be essentially immobile during most 
sedimentary and metamorphic processes. It has been found that clastic sedi­
mentary rocks of post-Archean age have remarkably consistent REE patterns 
and this has led to the suggestion that the average REE distribution in fine­
grained sedimentary rocks is the best estimate of their distribution in the ex­
posed continental crust [see review by Haskin and Paster, 1979]. One such 
estimate was made by Nance and Taylor (1976) for the PAAS. Fig. 3 shows 
the REE abundances in SCo-1, MAG-1 and SGR-1, normalized to PAAS.
MAG-1 is slightly enriched compared to PAAS, and displays a convex upward 
REE pattern between La and Tb. SGR-1 has much lower abundances than 
PAAS and is fractionated from about 0.54 X PAAS for La to 0.35 X PAAS 
for Yb. The REE pattern for SCo-1 is essentially flat at about 0.8—0.9 X PAAS.
Green River Shale standard SGR-1
The concentrations of most of the elements measured in SGR-1 are much 
lower than average shales (Krauskopf, 1967; PAAS comparison). This is not
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• M A G -  I
o S C o -  1
♦ SGR -  1
La Ce Pr Nd $m Eu Gd Tb Dy Ho Er Yb
Fig. 2. REE diagram, normalised to chondrites, for the U.S.G.S. standards SCo-1, MAG-1 
and SGR-1. Note the high La/Yb ratios and negative Eu anomalies in all samples.
m a g  -1
SCo - 1
S G R - 1
Sm Eu Gd Tb Dy Ho ErPr Ndl a  Ce
Fig. 3. REE diagram, normalised to PAAS, for the U.S.G.S. standards SCo-1, MAG-1 and 
SGR-1.
surprising considering the extremely high volatile content of this rock. This 
sample is anomalous in containing very high abundances of Mo, Pb and U 
(and low Th/U, 0.98) compared to average shales. There is very little informa­
tion available on this standard with regard to field relations, preparation and 
major-element distributions and thus it is difficult to assess the usefulness of 
this standard for sedimentary geochemists.
Marine Mud standard MAG-1
Trace-element analyses of MAG-1 reported in this study show no significant 
anomalies when compared to average shales (Krauskopf, 1967; PAAS compar-
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ison), with the possible exception of unusually high iodine content (this was 
not measured but a very intense line was noted at m/e 127; see above). 
Preliminary studies indicate this sample has some unusual properties. Most 
notable is the presence of about 4% seawater salts resulting in about 2.86% Cl 
(Marnheim et al., 1976). Such minerals would also result in significant amounts 
of Na which are not bound to oxygen. This standard clearly has been introduced 
for use by geochemists primarily interested in modem marine sediments. The 
unusual characteristics of this sample, outlined above, would appear to restrict 
its use to such workers.
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C d O  •
M n O ,
p p m  10
C o d y  S h a l e  ( S C o - 1 )
Fig. 4. Comparison of 45 elements in the U.S.G.S. standard SCo-1 (Cody Shale) and an 
estimate of the average shale. The diagonal line indicates equal concentrations. Values for 
the average shale are taken from Krauskopf (1967) except REE and Y, which are taken 
from PAAS. Values for the Cody Shale (SCo-1) are taken from Brenner and Harel (1976), 
Fabbi and Espos (1976), Katz and Grossman (1976), Walthall et al. (1976), and this work.
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Cody Shale standard SCo-1
SCo-1 is a well-documented and well-described sample (Schultz et al., 
1976). As pointed out previously, the REE distribution is very close to that 
of average post-Archean shales (F ig.3). Fig.4 compares some of the available 
data for SCo-1 (Brenner and Harel, 1976); Fabbi and Espos, 1976; Katz and 
Grossman, 1976; Walthall et al., 1976; this study), and the average shale of 
Krauskopf (1967) and PAAS. Of 45 elements considered (including REE) in 
SCo-1 only five differ from the average shale by more than a factor of 2 
(low S; high CaO, Sr, Ni, Co) and only one differs by more than a factor of 3 
(high Ni). No elem ent in SCo-1 differs from the average shale by more than a 
factor of 4. Considering the variability found in the chemical composition, 
particularly for trace elements (but excluding the REE), in sedimentary 
rocks in general, this comparison is remarkably good. It can be safely con­
cluded th a t SCo-1 should become an excellent reference standard for most 
geochemical studies of sedimentary rocks.
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APPENDIX 5
GEOCHEMISTRY OF FINE-GRAINED CLASTIC 
SEDIMENTARY ROCKS FROM AUSTRALIA**
D a ta  s o u r c e s :
1) Kambalda  -  B a v i n t o n  and T a y l o r  ( 1 9 8 0 ) .
2) K a l g o o r l i e  s a m p l e s  KH36, KH37, KH38, KH47, KH21, KH32 -
Nance and T a y l o r  ( 1 9 7 7 ) ;  t h i s  s t u d y  ( A n a l y s t s :  M. K aye ,  
S.  McLennan,  W. N a n c e ) .
3) K a l g o o r l i e  s a m p l e s  KH39, KH42, KH45 -  t h i s  s t u d y  ( A n a l y s t s :
M. K aye ,  S. McLennan,  W. N a n c e ) .
4) B en d ig o  T ro u g h  (MK101), H i l l  End Trough  (MK55), H o d g k i n s o n
B a s i n  (MK92) -  M. B h a t i a  ( p e r s .  comm .) .
5) Samples  SC6, PW6, PW3, PW1, CL5 -  t h i s  s t u d y  ( A n a l y s t s :
M. K a y e ,  S.  McLennan,  W. N a n c e ) .
6) A l l  o t h e r  s a m p l e s  -  N ance  an d  T a y l o r  (1 976)  ; t h i s  s t u d y
( A n a l y s t s :  M. K a y e ,  W. N a n c e ) .
N o t e s :  * b e l o w  d e t e c t i o n  l i m i t s .
** m a j o r  e l e m e n t s  i n  w e i g h t  p e r c e n t ;  t r a c e  e l e m e n t s  
i n  ppm.
+ t o t a l  i r o n  a s  FeO.
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A rchean (c a . 2 .8  Ae) 
KH37 KH38 KH47 KH39
S i0 2 43.19 5 8 .2 3 67.04 44.45 54.99 57.54 52 .9 8 63 .67 6 0 .3 3 51 .93 57 .46 45 .59 36.56 75.14 66 .9 6 54 .36 61 .2 8 65 .9 2
Ti 0 2 0 .3 8 0 .4 8 0 .5 7 0 .32 0 .4 7 0 .49 0 .4 3 0 .49 0 .6 3 0 .5 8 0 .29 0 .5 6 0 .3 3 0 .5 5 0 .5 0 0 .4 0 0 .7 5 0 .3 5
W 2°3 12.20 12 .7 7 16.13 9 .22 12 .93 13.63 11 .15 11.46 13.71 12.61 6 .79 12.42 8 .01 14.61 12.09 11.10 17.59 14 .40
FeO t 12.71 10.48 1.92 23.24 7 .16 9 .4 3 16.62 7 .43 8 .7 0 13 .77 15 .28 18.80 32.63 2 .1 8 8 .4 7 14 .43 1 .29 7 .96
toO 0 .0 9 0 .0 4 0 .02 0 .0 3 0 .0 6 0 .0 5 0 .0 5 0 .1 5 0 .0 8 0 .1 2 0 .1 6 0 .0 7 0 .09 0 .01 0 .01 0 .02 0 .0 1 0 .0 1
MgO 1 .20 4 .7 2 .05 4 .79 1 .98 1 .77 1 .37 0 .73 1 .45 2 .7 5 1 .8 3 5 .91 4 .65 1 .0 3 0 .6 6 1 .2 3 0 .5 8 1 .92
CaO 9 .2 0 1 .61 1.62 2 .52 1 2 .2 8 5 .06 2 .8 8 4 .09 3 .61 4 .5 9 6 .5 7 3.64 3 .70 0 .0 3 0 .1 0 0 .5 0 1 .34 0 .4 1
Na^O 1.84 0 .3 0 8 .99 4 .62 1 .32 5 .84 5 .3 3 0 .2 9 2 .79 3 .57 0 .7 8 1 .95 1 .19 0 .2 6 0 .3 2 0 .44 2 .4 3 0 .8 8
*2° 1 .42 2 .7 3 0 .05 0 .0 3 1 .4 5 1 .16 1.21 3 .35 2 .9 1 2 .2 0 1 .35 2 .1 5 0 .1 5 3.84 3 .25 2 .1 8 6 .5 0 2 .8 0
P2°5 0 .1 0 0 .1 4 0 .14 0 .0 9 0 .1 3 0 .1 4 0 .1 2 0 .1 3 0 .1 5 0 .1 0 0 .0 6 0 .1 2 0 .0 7 0 .0 3 0 .0 5 0 .0 7 0 .0 2 0 .1 3
L .O . I . 15.11 4 .9 3 0 .85 4 .1 3 5 .39 2 .01 4 .24 4 .9 3 .0 4 .7 0 7 .17 4 .4 3 3.21 2 .0 5 7 .1 7 14.64 7 .00 4 .0 2
S 6 .31 5 .3 4 0 .45 8 .78 2 .39 4 .0 3 6 .86 3.06 3 .21 4 .1 3 5 .39 7 .1 6 13.04 - - - - -
103 .75 101 .75 99 .8 3 102.22 100.55 101.15 103.24 99 .7 5 1 00 .57 101.05 1 03 .13 102 .80 1 03 .63 99 .7 3 9 9 .5 8 9 9 .3 7 98 .7 9 98 .80
Cs - - 5 .3 5 .2 4 .7 1 .5 4 .0 7
Ba 580 719 12 7 362 487 550 530 730 1043 180 540 18 370 360 540 900 767
Pb 102 21 3 32 37 47 33 17 38 27 18 51 23 114 63 44 85 2 9 .5
La 1 7 .3 1 5 .5 10 .6 16 .5 8 .49 2 0 .3 1 8 .3 10 .1 9 .5 4 1 0 .3 3 .23 9 .5 8 6 .8 7 14 15 23 11 30.9
Ce 37.9 2 9 .2 2 3 .9 30.0 1 8 .9 4 0 .7 36.2 20 .4 2 0 .1 2 3 .2 8 .28 2 3 .3 1 5 .8 30 31 45 23 6 5 .3
P r 3 .64 3 .3 3 2 .98 3 .29 2 .06 4 .5 7 4 .6 2 .2 3 2 .6 6 2 .99 0 .9 8 2 .9 5 2 .1 7 3 .2 4 .0 5 .5 2 .2 7 .71
Nd 15.6 1 3 .4 1 2 .8 12.9 8 .5 1 9 .6 1 9 .2 9 .64 1 0 .9 1 2 .3 4 .46 1 3 .1 9 .4 8 1 2 .7 16 21 9 .1 3 2 .5
sm 4 .1 2 2 .8 7 2 .7 3 2 .52 2 .2 4 4 .05 3 .49 2 .19 2 .5 8 2 .8 8 1 .26 3 .46 1 .96 2 .5 3 .2 4 .0 2 .1 7 .6 0
Eu 1 .45 0 .9 2 1 .02 0 .7 1 0 .7 4 1 .26 0 .9 5 0 .8 4 0 .8 3 0 .9 0 .4 7 1 .0 8 0 .7 8 1 .1 1 .5 1 .3 0 .8 0 2 .5 1
Gd 4 .6 7 2 .9 7 2 .77 2 .41 2 .5 4 3 .91 3 .47 2 .2 5 2 .6 6 2 .4 7 1 .55 3 .5 3 1 .7 7 2 .3 3 .5 3 .6 2 .0 7 .01
Tb 0 .8 3 0 .4 9 0 .44 0 .39 0 .4 5 0 .6 1 0 .6 5 0 .3 6 0 .44 0 .44 0 .2 9 0 .5 4 0 .3 0 0 .4 2 0 .5 6 0 .5 4 0 .3 1 0 .96
tv 5 .7 6 2 .9 3 2 .8 2 .5 3 2 .5 4 3 .65 4 .0 2 .2 2 2 .7 5 2 .82 1 .71 3 .44 1 .84 2 .7 3 .7 3 .5 1 .9 4 .8 3
HO 1 .3 3 0 .5 9 0 .6 5 0 .5 9 0 .5 7 0 .8 3 0 .8 1 0 .42 0 .5 5 0 .5 6 0 .3 7 0 .6 5 0 .4 3 0 .49 0 .5 9 0 .8 2 0 .4 0 0 .9 7
E r 3 .63 1 .7 1 1 .8 1 .69 1 .6 2 .3 7 2 .46 1 .2 1 .5 1 1 .56 1 .06 1 .9 0 1 .20 1 .6 1 .9 2 .5 1 .3 2 .4 8
Yb 3 .67 1 .6 6 1 .84 1 .60 1 .3 4 2 .3 7 2 .66 1 .31 1 .42 1 .6 0 1 .1 0 1 .8 3 1 .09 1 .5 2 .0 2 .5 1 .3 1 .9 7
I  FEE 8 0 .0 7 6 .7 84 .9 75 .6 50 .4 104 .9 9 7 .5 5 3 .5 5 6 .4 6 2 .5 2 5 .1 6 5 .9 4 4 .1 71 81 110 54 165 .3
Y 30.4 1 9 .1 22 .4 16 .4 17 .4 2 2 .7 2 0 .3 11 .2 1 3 .3 11 .9 7 .3 5 1 4 .1 10 .1 18 12 22 11 2 3 .4
La/Yb 4 .7 9 .3 5 .8 1 0 .3 6 .3 8 .6 6 .9 7 .7 6 .7 6 .4 2 .9 5 .2 6 .3 3 .3 7 .5 9 .2 8 .5 1 5 .7
3 .2 6 .3 3.9 7 .0 4 .3 5 .8 4 .6 5 .2 4 .5 4 .4 2 .0 3 .5 4 .3 6 .3 5 .1 6 .2 5 .7 1 0 .6
Eu/Eu* 1 .01 0 .9 6 1 .1 3 0 .8 8 0 .9 5 0 .9 7 0 .8 3 1 .16 0 .9 7 1 .0 3 1 .0 3 0 .9 4 1 .28 1 .40 1 .3 7 1 .05 1 .19 1 .05
Tb 6 .5 3 5 .1 1 5 .2 7 8 .09 1 .82 6 .4 4 8 .54 2 .1 2 .8 1 2 .8 5 1 .2 6 3 .1 6 2 .2 9 3 .3 4 .3 6 .9 4 .1 12 .9
U 2 .2 7 1 .5 6 1 .34 2 .31 0 .42 1 .94 2 .4 7 0 .6 8 0 .8 3 0 .9 0 .3 7 0 .8 2 0 .5 6 1 .2 1 .3 1 .9 0 .9 7 2 .0 1
Zr 102 124 158 143 128 139 156 96 110 100 52 114 74 147 132 147 133 133
Hf 2 .8 3 3 .3 3 3 .70 3 .39 1 .4 7 4 .31 4 .16 2 .4 5 2 .8 5 3 .21 1 .3 7 3 .26 1 .88 2 .3 2 .2 4 .1 3 .3 3 .7 7
Sn - - 2 2 .7 1 7 .7 1 .8 6 .6 6 .8 8
Nb 4 .3 3 .0 4 .2 4 3 .9 5 3 .1 3 .3 4 3 2 .2 4 2 8 .1 6 .2 1 0 .3 1 0 .5 3 .26
W - 1 .3 2 .5 1 .1 3 .3 1 .1 7
TV U 2 .9 3 .3 3 .9 3 .5 4 .2 3 .3 3 .5 3 .1 3 .4 3 .2 3 .4 3 .9 4 .1 2 .8 3 .3 3 .6 4 .2 6 .4
Zr/M f 36.2 3 7 .6 4 2 .7 40 .9 8 7 .1 3 2 .2 37 .5 39.2 3 8 .6 3 1 .2 3 8 .0 3 5 .0 39.4 6 3 .9 6 0 .0 35 .9 4 0 .3 3 5 .3
Zr/N b 2 3 .7 4 1 .3 37 .6 3 5 .8 32 .8 2 7 .8 5 0 .3 2 9 .1 2 7 .5 3 3 .3 2 3 .6 2 8 .5 37 .0 1 8 .1 2 1 .3 1 4 .3 1 2 .7 4 0 .8
L a /Ib 2 .7 3 .0 2 .0 2 .0 4 .7 3 .2 2 .1 4 .8 3 .4 3 .6 2 .6 3 .0 3 .0 4 .2 3 .5 3 .3 2 .7 2 .4
Cr 95 362 129 57 183 208 59 156 128 115 113 110 70 140 130 69 210 80
V 100 114 47 43 76 77 75 61 121 98 62 99 63 92 100 65 98 65
Sc 18 27 24 17 16
Ni 142 268 61 3290 125 100 186 86 74 2000 73 105 196 21 34 56 11 33
Co 67 61 12 118 48 45 53 30 59 117 61 98 131 8 12 96 5 .1 10
Cu 462 265 54 1410 242 260 390 288 456 715 445 570 1200 165 270 400 81 69
Ga 20 16 18 13 17 20 17 17 18 18 10 20 16 20 31 23 18 24
C r/V 1 .0 3 .2 2 .7 1 .3 2 .4 2 .7 0 .8 2 .6 l . i 1 .1 1 .8 1 .1 1 .1 1 .5 1 .3 1 .1 2 .1 1 .2
V/Ni 0 .7 0 0 .4 3 0 .7 7 0 .0 1 0 .6 1 0 .7 7 0 .4 0 0 .7 1 1 .64 0 .0 5 0 .8 5 0 .9 4 0 .34 4 .4 2 .9 1 .2 8 .9 2 .0
N i/C o 2 .1 4 .4 5 .1 2 7 .9 2 .8 2 .2 3 .5 2 .8 1 .3 1 7 .1 1 .2 l . i 1 .5 2 .6 2 .8 0 .5 8 2 .2 3 .3
L a/S c 0 .7 8 0 .5 6 0 .9 6 0 .6 5 1 .9
Bi 0 .4 7 0 .5 9 1 .7 1 .4 0 .2 7
B 2000 240 62 ~4 340
316
KALQOORLIE -  o c n t 'd  MXJOT ISA GROUP -  AMAEEIS BASIN -  BENDIGO T O X »I -  STATE CIRCLE SHALE -
KH42 KH45 KH21 KH32
P ro te r o z o ic  ( c a .1 .6 5  JW?) 
M il MI 4 MI 5 r o  12
t e i
AO10
pozoic (c a .0 .8 5 /w * )
P O 9 F O B  F O l P O 6
O rcbvi c i  an  
MK101
S i l u n a n  
SC8 SC7 SC6
S i0 2 75.30 54.26 66 .7 5 74 .63 70.79 69 .8 0 65.86 56.56 6 2 .9 7 6 5 .8 3 70.04 61 .75 6 1 .1 3 57 .42 6 5 .5 8 65 .5 8 64 .7 7
Ti 02 0 .3 9 0 .7 0 0 .80 0 .3 7 0 .4 5 0 .4 9 0 .7 5 0 .7 9 0 .8 0 0 .7 2 0 .71 0 .72 0 .6 5 0 .7 4 0 .7 2 0 .6 9 0 .7 3
A l2°3 16.29 16.95 22 .13 16.02 13.84 13 .3 3 14.70 20.66 15 .84 14 .57 13.20 14.50 14.54 2 0 .0 8 16.51 16.16 17 .20
NbO * 0 .4 9 6 .7 6 0 .7 0 0 .99 3 .78 3 .58 5 .86 5 .1 7 6 .3 7 6 .11 4 .7 8 7 .03 5 .2 2 6 .5 7 5 .69 6 .4 5 5 .61
NT»0 0 .0 1 0 .04 0 .01 * 0 .04 0 .0 6 0 .04 0 .02 0 .0 8 0 .11 0 .02 0 .12 0 .12 0 .0 5 0 .2 2 0 .2 0 0 .2 0
MgO 0 .7 7 3.99 0 .4 7 0 . 38 2 .46 1 .48 2 .46 3 .13 1 .92 2 .29 1 .52 2 .60 3 .48 3 .46 2 .6 3 2 .8 0 2 .6 7
CaO 0 .1 0 0 .8 8 0 .06 0 .0 8 0 .34 0 .8 0 0 .4 8 0 .1 3 0 .2 5 0 .40 0 .32 1 .22 2 .4 5 0 .2 0 0 .21 0 .2 3 0 .2 2
Na-0 0 .1 8 2 .4 7 0 .64 1 .12 1 .17 1 .70 0 .40 0 .82 0 .94 0 .9 8 0 .9 3 0 .80 0 .9 3 0 .4 4 0 .6 4 0 .3 7 0 .3 5
k2° 2 .6 8 3.31 4 .29 3 .48 3 .60 2 .8 8 3.69 8 .41 4 .16 3 .66 3.34 4 .24 4 .34 5 .0 0 4 .0 9 3 .85 4 .4 3
P2°5 0 .0 2 0 .0 7 0 .0 5 0 .11 0 .21 0 .1 8 0 .3 0 0 .0 5 0 .1 1 0 .0 8 0 .1 0 0 .0 5 0 .0 6 0 .1 2 0 .1 4 0 .1 4 0 .14
L .O .I . 3 .30 9 .3 8 3.31 3.46 3 .38 5 .7 0 4 .29 3 .86 5 .5 7 4 .81 4.71 6 .66 6 .2 4 5 .5 5 3 .12 3 .22 3 .27
1 9 9 .4 3 98 .81 99 .21 100.64 100.24 100.00 98 .8 3 99 .6 0 99 .01 99 .5 6 9 9 .6 7 99.69 99 .16 9 9 .6 3 99 .5 5 99 .6 9 99 .5 9
Cs 1 .3 7 2 .68 8 .9 4 .0 7 .3 12 16 28 17 15 13 21 12 - 13 11 8 .2
Ba 471 766 1200 520 450 550 310 440 240 240 220 210 280 870 470 390 450
Pb 2 0 .5 368 - 22 7 .1 28 10 9 .7 43 30 7 .7 27 27 28 6 .2 5 .5 7 .2
La 15.6 2 3 .6 36 24 27 30 27 41 34 29 36 29 28 5 1 .6 44 40 52
O? 18.0 5 0 .2 75 54 52 61 57 86 63 61 67 65 62 8 0 .6 94 85 -
P r 1 .51 5 .80 8 .9 5 .7 5 .1 6 .6 8 .8 8 .9 7 .0 6 .3 8 .8 7 .6 6 .5 12 .2 8 .1 11 11
Nd 5 .2 7 2 0 .1 31 20 17 22 32 27 24 22 29 23 22 4 9 .6 29 32 36
Sm 1 .09 3 .92 4 .9 2 .6 3 .6 4 .3 4 .9 5 .4 5 .3 3 .9 5 .5 4 .6 4 .5 9 .3 4 5 .0 5 .3 6 .9
Eu 0 .3 1 1 .16 1 .2 0 .7 8 0 .7 5 0 .8 1 0 .9 4 1 .0 1 .0 0 .7 1 0 .9 5 0 .91 0 .8 5 1 .92 0 .9 5 0 .9 9 1 .3
Gd 1 .00 2 .9 8 3 .7 2 .5 3 .5 4 .2 4 .0 4 .1 4 .8 3 .5 2 .9 3 .9 3 .6 7 .01 4 .7 4 .3 5 .2
l b - 0 .4 6 0 .49 0 .3 0 0 .5 3 0 .6 3 0 .6 8 0 .7 5 0 .7 1 0 .5 5 0 .61 0 .6 9 0 .6 5 1 .0 8 0 .7 4 0 .6 8 -
ry 1 .10 2 .8 5 2 .5 1 .3 3 .2 3 .8 3 .8 4 .2 3 .7 3 .3 4 .0 4 .2 3 .7 6 .48 4 .0 3 .9 4 .8
Ho 0 .2 6 0 .6 7 0 .39 0 .2 5 0 .6 1 0 .7 7 0 .8 6 1 .1 0 .8 7 0 .7 6 0 .9 2 0 .94 0 .7 9 1 .3 5 0 .8 9 0 .8 3 1 .1
E r 0 .8 4 1 .95 0 .8 7 0 .5 7 1 .7 2 .0 2 .3 3 .4 2 .6 2 .2 2 .6 2 .7 2 .3 4 .0 4 2 .5 2 .3 2 .7
Yb 0 .9 4 1 .98 0 .44 0 .4 1 1 .7 2 .0 2 .4 3 .2 2 .5 2 .2 2 .3 3 .1 2 .2 4 .01 2 .4 2 .3 2 .8
I  FEE 4 6 .5 11 6 .3 162 111 117 138 145 186 149 135 161 146 137 23 0 .4 196 188 232
Y 6 .5 3 15 .4 11 5 .6 14 24 18 23 20 17 24 17 17 35 34 24 29
La/Yb 1 6 .6 1 1 .9 8 1 .8 5 8 .5 15 .9 1 5 .0 1 1 .3 1 2 .8 1 3 .6 1 3 .2 1 5 .7 9 .4 1 2 .7 1 2 .9 1 8 .3 1 7 .4 1 8 .6
IV V^ 11.2 8 .1 5 5 .3 39.6 1 0 .8 1 0 .2 7 .6 8 .7 9 .2 8 .9 1 0 .6 6 .3 8 .6 8 .7 1 2 .4 1 1 .8 1 2 .6
Eu/Eu* 0 .9 1 1 .04 0 .86 0 .9 4 0 .6 4 0 .5 8 0 .6 3 0 .6 3 0 .6 0 0 .5 8 0 .66 0 .6 4 0 .6 3 0 .7 3 0 .5 9 0 .6 2 0 .6 4
T h 8 .41 8 .79 16 5 .6 10 11 12 17 15 10 1 4 .6 14 16 2 2 .7 16 15 20
U 1 .9 7 2 .1 1 2 .0 1 .2 2 .7 8 .0 2 .7 2 .5 2 .6 2 .1 2 .6 2 .7 2 .9 3 .8 8 2 .7 2 .3 3 .1
Zr 153 149 154 138 103 138 219 176 202 187 230 210 189 136 155 140 150
Hf 4 .4 7 4 .8 8 3 .7 2 .6 2 .1 3 .0 4 .1 3.9 4 .3 4 .0 5 .9 4 .7 4 .2 4 .3 3 .0 2 .3 2 .5
Sn 4 .30 5 5 .8 0 .82 1 .5 1 .1 1 .4 2 .0 2 .1 2 .5 2 .2 - 2 .4 2 .1 - 1 .5 1 .5 -
Nb 5 .5 8 9 .9 8 7 .2 3 .4 11 16 13 17 16 15 19 16 13 17 18 17 17
W 0 .6 1 4 .45 0 .6 3 3 .6 0 .6 6 0 .6 4 0 .7 5 1 .2 1 .1 0 .7 5 - 1 .0 0 .8 9 - 0 .7 6 0 .71 -
Tb/U 4 .3 4 .2 8 .0 4 .7 3 .7 1 .4 4 .4 6 .8 5 .8 4 .8 5 .6 5 .2 5 .5 5 .9 5 .9 6 .5 9 .7
Z r/H f 3 4 .2 30 .5 41 .6 5 3 .1 4 9 .1 4 6 .0 53 .4 4 5 .1 4 7 .0 4 6 .8 39 .0 4 4 .7 4 5 .0 3 1 .6 5 1 .7 6 0 .9 6 0 .0
Zr/Nb 2 7 .4 14 .9 2 1 .4 4 0 .6 9 .4 8 .6 16 .9 10 .4 1 2 .6 1 2 .5 12 .1 1 3 .1 1 4 .5 8 .0 8 .6 8 .2 8 .8
1 .9 2 .7 2 .3 4 .3 2 .7 2 .7 2 .3 2 .4 2 .3 2 .9 2 .5 2 .1 1 .8 2 .3 2 .8 2 .7 2 .6
C r 78 210 370 88 96 50 67 110 79 67 85 64 74 109 99 78 98
V 57 130 185 69 61 95 55 110 105 78 94 77 68 126 110 76 110
Sc 12 24 22 14 9 .0 9 .5 13 18 19 16 17 17 12 19 20 16 20
Ni 18 129 * 12 25 25 29 46 40 32 31 50 37 54 49 45 52
Co * 62 * * 6 .9 8 .0 16 17 14 11 9 26 12 22 19 20 21
Cu 12 640 3 .9 28 - - - 43 25 18 17 35 16 44 110 69 36
Ga 17 32 27 15 18 13 13 30 22 19 21 19 20 29 14 22 23
C r/V 1 .4 1 .6 2 .0 1 .3 1 .6 0 .5 3 1 .2 1 .0 0 .7 5 0 .8 6 0 .9 0 0 .8 3 1 .1 0 .8 7 0 .9 0 1 .0 0 .8 9
V/Ni 3 .2 1 .0 - 5 .8 2 .4 3 .8 1 .9 2 .4 2 .6 2 .4 3 .0 1 .5 1 .8 2 .3 2 .2 1 .7 1 .9
N i/C o - 2 .1 - - 3 .6 3 .1 1 .8 2 .7 2 .9 2 .9 3 .4 1 .9 3 .1 2 .5 2 .6 2 .3 2 .5
L a/S c 1 .3 0 .9 8 1 .6 1 .7 3 .0 3 .2 2 .1 2 .3 1 .8 1 .8 2 .1 1 .7 2 .3 2 .7 2 .2 2 .5 2 .6
Bi 0 .2 6 3 .52 0 .22 0 .2 2 0 .2 1 0 .2 0 0 .1 9 0 .2 3 0 .4 0 0 .2 8 - 0 .4 5 0 .5 0 _ 0 .0 9 0 .22 .
B 64 40 110 70 99 127 95 200 210 145 180 140 140 - 96 91 110
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STATE CIRCLE SHALE -  o c n t 'd .  HILL END HOTTCINSCN CANNING BASIN PERIE BASIN CAINAWCN
TROUCtt -  BASIN -  BASIN
S i 1. -D ev. D evonian P em o -C arb o n i fe ro u s  T n a s s i c  T n a s s i c
SCS SC4 SC 3 SC2 SCI M<55 MK92 PL7 PL6 PLl PW7 PW6 PW5 PW4 PW3 PW1 CLS
S i0 2 65 .34 64 .65 67 .0 3 65.34 65 .07 61.99 62 .99 66.81 61 .0 8 63 .51 59 .56 56.49 55.34 57 .86 57.44 51 .98 6 0 .2 7
T i 0 2 0 .72 0 .70 0 .6 8 0 .71 0 .70 0 .89 0.C1 0 .79 0 .6 8 0 .7 3 0 .91 0 .98 0 .96 0 .99 0 .9 3 1 .02 0 .7 2
M 2°3 17.00 16.52 15.32 16.50 16.34 22.25 17.60 16.59 15.67 18.76 19 .17 22.71 22 .08 22 .46 22 .48 25 .21 19.01
PeO 4 5 .39 5 .87 5 .86 5 .62 5 .89 1.54 5 .35 4 .87 4 .44 5 .23 9 .3 7 7 .62 7 .94 7 .1 0 7 .2 7 10.22 5 .61
'YiO 0 .25 0 .40 0 .39 0 .25 0 .41 0 .01 0 .04 0 .0 3 0 .0 5 0 .04 0 .11 0 .1 5 0 .1 5 0 .0 8 0 .0 8 0 .10 0 .0 8
r%?0 2.68 2 .81 2 .67 2 .63 2 .77 1.34 1 .50 1 .79 1 .86 1 .53 1 .99 1 .95 1 .68 1 .80 1 .76 1 .20 1 .65
CaO 0 .2 2 0 .24 0 .22 0 .23 0 .24 0 .02 0 .58 0 .62 4 .7 3 0 .3 7 0 .5 3 0 .58 0 .5 3 0 .4 0 0 .44 0 .30 1 .59
Na20 0 .2 5 0 .30 0 .4 5 0 .36 0 .46 0 .10 1.19 0 .5 3 0 .4 3 0 .1 7 1 .68 0 .91 0 .8 8 0 .9 0 1 .09 0 .2 5 0 .34
K2° 4 .45 4 .16 3 .69 4 .23 4 .01 6 .32 3 .83 3 .58 3 .47 4 .09 2 .69 3.31 3 .20 3 .99 3 .69 3.78 3 .39
P2°5 0 .1 5 0 .1 6 0 .1 5 0 .15 0 .14 0 .0 3 0 .11 0 .11 0 .1 0 0 .0 8 0 .1 5 0 .22 0 .2 1 0 .1 9 0 .1 8 0 .0 8 0 .0 9
L .O .I . 3 .26 3.28 3 .09 3.18 3 .20 5 .12 6 .11 4 .27 7 .31 4 .34 3 .58 4 .83 5 .50 4 .0 5 3 .87 4 .58 7 .10
99.71 99 .09 99.55 99.20 99.23 99.91 99.61 99 .99 99 .82 98 .8 5 99.74 99 .75 98.47 99 .82 99 .2 3 98 .71 99 .8 5
Cs 11 13 11 10 15 - - 12 18 17 6 .8 9 .0 10 12 6 .4 - 6 .1
Ba 400 500 450 330 520 850 680 290 500 590 470 650 580 620 680 950 180
Pb 6 .0 12 29 9 .5 19 13 24 35 24 35 40 25 32 47 30 32 25
La 41 44 37 32 46 7 3 .1 37.8 35 52 40 40 72 50 56 63 76 32
Ce 83 95 74 59 98 144.4 7 8 .7 72 132 86 82 - 104 115 - - -
P r 8 .4 9 .7 8 .0 8.1 10 18.2 9 .9 3 8 .4 12 9 .1 8 .9 17 13 14 15 - 7 .4
Nd 26 29 26 25 31 6 7 .2 35 .3 25 37 30 30 62 43 43 50 - 26
Sn 5 .4 6 .2 5 .8 5 .6 6 .4 12.2 7 .44 5 .7 6 .5 6 .0 6 .3 8 .8 8 .2 8 .7 9 .1 - 4 .2
Eu 1 .1 1 .3 1 .1 1 .2 1 .3 2 .04 1 .35 1 .1 1 .2 1 .1 1.4 1 .8 1 .7 1 .8 1 .7 - 0 .8 7
Gd 4 .5 5 .2 4 .7 6 .1 4 .8 9 .0 1 5 .39 4 .9 5 .2 4 .7 6 .1 6 .7 6 .7 7 .2 6 .7 - 3.4
Tb 0 .7 1 0 .86 0 .7 5 0 .84 0 .82 1 .49 0 .9 7 0 .84 0 .8 4 0 .8 2 1 .1 1.2 1 .2 1 .1 1 .0 - 0 .5 2
Dy 4.4 5 .0 3 .8 4 .6 4 .5 7 .35 5.82 5 .0 4 .6 5 .0 6 .1 5 .5 6 .2 6 .4 6 .1 - 3 .2
Ho 0 .91 1 .1 0 .9 4 0 .99 1 .0 1 .51 1 .27 1 .1 1 .1 1 .2 1 .4 1 .4 1 .4 1 .6 - - 0 .7 0
E r 2 .8 3 .0 2 .8 2 .6 3 .1 4 .1 3 3 .69 3 .1 3 .2 3 .6 4 .3 3 .6 3 .8 4 .5 3 .3 - 2 .0
Yb 2 .7 2 .9 2 .7 2 .6 2 .9 4 .6 3 3 .67 3 .5 2 .8 3 .6 4 .7 3 .6 3 .7 4 .3 3 .3 - 2 .0
ZREE 181 203 168 149 210 346.6 192.4 166 258 192 193 338 242 263 296 - 151
Y 21 25 27 19 28 38 30 31 36 29 32 32 38 33 34 57 17
La A b 15.2 15 .2 1 3 .7 1 2 .3 1 5 .9 1 5 .8 1 0 .3 10 .0 1 8 .6 1 1 .1 8 .5 2 0 .0 1 3 .5 1 3 .0 1 9 .1 - 1 6 .0
V N 10.3 1 0 .3 9 .3 8 .3 1 0 .8 1 0 .7 7 .0 6 .8 12 .6 7 .5 5 .8 1 3 .6 9 .2 8 .8 1 2 .9 - 1 0 .8
Eu/Eu* 0 .6 6 0 .6 8 0 .62 0 .62 0 .69 0 .5 9 0 .6 5 0 .62 0 .6 1 0 .6 1 0 .6 8 0 .69 0 .6 8 0 .6 8 0 .6 4 - 0 .6 8
Th 13 14 14 13 15 2 3 .8 19 .0 15 15 18 12 18 19 22 16 26 15
U 2 .5 2 .8 2 .3 2 .7 3 .1 3.25 3 .71 4 .3 2 .5 2 .9 3 .4 3 .8 3 .3 4 .5 3 .4 4 4 .1
Zr 150 149 159 149 152 211 184 259 210 245 251 165 185 243 212 216 240
Hf 2 .5 3 .3 3 .2 3 .1 4 .0 7 .0 6 .4 5 .4 3 .1 4 .9 5 .3 3 .0 4 .3 5 .2 4 .6 - 3 .1
Sn 1 .5 1 .8 1 .6 2 .0 2 .1 - - 2 .0 2 .1 2 .3 1 .6 - 2 .3 2 .7 - - -
Nb 14 14 13 12 19 19 17 22 23 24 25 25 30 29 20 25 12
W 0 .7 3 0 .95 0 .94 0 .8 3 0 .8 8 - - 0 .98 0 .7 1 1 .1 0 .7 0 0 .94 0 .9 2 - - -
Tb/U 5 .2 5 .0 6 .1 4 .8 4 .8 7 .3 5 .1 3 .5 6 .0 6 .2 3 .5 4 .7 5 .8 4 .9 4 .7 6 .5 3 .7
Z r/H f 6 0 .0 45 .2 4 9 .7 4 8 .1 38.0 30.1 2 8 .8 4 8 .0 6 7 .7 50 .0 4 7 .4 55 .0 4 3 .0 4 6 .7 4 6 .1 - 7 7 .4
Zr/N b 10 .7 10 .6 1 2 .3 12.4 8 .0 1 1 .1 10 .8 1 1 .8 9 .1 1 0 .2 1 0 .0 6 .6 6 .2 8 .4 1 0 .6 8 .6 2 0 .0
La/TTi 3 .2 3 .1 2 .6 2 .5 3 .1 3.1 2 .0 2 .3 3 .5 2 .2 3 .3 4 .0 2 .6 2 .6 3 .9 2 .9 2 .1
C r 98 93 89 110 87 133 49 69 61 78 82 125 110 120 97 140 72
V 110 98 100 110 95 137 91 75 70 125 90 120 100 115 82 130 100
Sc 19 25 19 21 16 21 16 17 15 19 20 25 21 23 20 29 21
Ni 48 51 53 52 46 13 16 34 31 36 56 57 54 55 54 77 40
Co 20 21 23 23 17 6 16 17 14 14 22 26 27 24 20 35 15
Cu 23 32 68 59 48 3 39 30 35 27 45 55 52 49 43 42 33
Ga 23 19 20 23 21 29 24 24 25 25 25 36 30 30 22 31 29
C r/V 0 .8 9 0 .9 5 0 .89 1 .0 0 .9 2 0 .9 7 0 .54 0 .92 0 .8 7 0 .62 0 .9 1 1 .0 1 .1 1 .0 1 .2 1 .1 0 .7 2
V/Ni 2 .3 1 .9 1 .7 2 .1 2 .1 1 0 .5 5 .7 2 .2 2 .3 3 .5 1 .6 2 .1 1 .9 2 .1 1 .5 1 .7 2 .5
N i/C o 2 .4 2 .4 2 .3 2 .3 2 .7 2 .2 1 .0 2 .0 2 .2 2 .6 2 .6 2 .2 2 .0 .7.3 2 .7 2 .2 2 .7
L a/S c 2 .2 1 .8 1 .9 1 .5 2 .9 3 .5 2 .4 2 .1 3 .5 2 .1 2 .0 2 .9 2 .4 2 .4 3 .2 2 .6 1 .5
Bi 0 .2 1 0 .1 9 0 .2 3 0 .2 2 0 .3 3 - - 0 .2 5 0 .3 0 0 .3 9 0 .1 5 _ 0 .2 3 0 .2 7 _ _ _
B 110 100 90 89 90 - - 82 75 56 27 54 41 35 26 28 100
318.
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Abstract There is a correlation between thorium and the light rare earth elements, indicated by La/Th 
ratios in fine grained sedimentary rocks of various ages from Australia and Greenland. The correlation 
between Th and the heavy rare earth elements (Th/Yb) is much less significant. Archean sedimentary 
rocks have a higher La/Th (3.6 + 0.4) than post-Archean sedimentary rocks (La/Th = 2.7 + 0.2).
The cause of this correlation can be attributed to the coherent behaviour of these elements during 
most sedimentary processes (weathering, transport, diagenesis, etc.). Since the chondrite-normalized rare 
earth element distribution of clastic fine grained sedimentary rocks is accepted to be parallel to the 
distribution of REE in the upper continental crust, an estimate of upper crustal Th abundances can be 
made. Using reasonable assumptions of certain elemental ratios (K/U, Th/U, K/Rb) in the upper crust, 
minimum estimates of the abundances of K. U and Rb can also be made for the post-Archean and 
Archean upper crusts.
The post-Archean values (K = 2.9%; Rb = 115 ppm; Th = 11.1 ppm; U = 2.9 ppm) compare favour­
ably to some previous estimates made from direct sampling and theoretical considerations and help 
confirm a granodiorite present day upper continental crust. The Archean data (K = 0.92%; 
Rb = 30 ppm; Th = 3.5 ppm; U = 0.92 ppm) support models which suggest a significantly more mafic 
exoosed crust at that time.
INTRODUCTION
The chemical composition of clastic sedimentary 
rocks is governed by many complex factors, including 
the average composition of source rocks, weathering 
processes, transportation processes and diagenesis 
and metamorphism. Elements such as the alkalies and 
alkaline earths go easily into solution during weather­
ing and diagenesis. Thus their abundances in clastic 
sedimentary rocks do not reflect the composition of 
the source rocks in any simple manner. On the other 
hand, elements which are transferred more directly 
into detrital sediments preserve a record of the source 
rock composition. The rare earth elements (REE) 
appear to be tranferred almost quantitatively into 
clastic sediments. The REE have very short residence 
times in seaw'ater (50-600yr; Goldberg et al., 1963; 
Piper, 1974) and their concentration in the oceans is 
exceedingly low, being in the parts per trillion range 
(Haskin and Paster, 1979). Other studies also have 
shown that most common sedimentary and metamor- 
phic processes do not significantly affect the REE dis­
tribution in sedimentary rocks.
A major finding over the past several years has 
been the remarkable consistency of the REE abun­
dances of clastic sedimentary rocks of post-Archean 
age (Taylor. 1964, 1977, 1979a; Haskin et al., 1966; 
Schnetzler and Philpotts, 1967; N ance and 
Taylor, 1976; McLennan et ai, 1979; McLennan 
and Taylor, 1980a; Taylor and McLennan, 
1980a, b). It has become accepted that the average
REE pattern in sedimentary rocks reflects the REE 
distribution in the exposed continental crust (see 
above references; Table 1; Fig. 1). Recently, M cLen­
nan et al. (1979) and Taylor and McLennan (1980b) 
noted that although the average sedimentary REE 
pattern is parallel to that of the upper crust, the ab­
solute abundances are somewhat high in ZREE due 
to various concentrating mechanisms. Taylor and 
McLennan (1980b) calculated that the average fine­
grained sedimentary rock overestimates the REE 
abundances by about 20%.
Another important finding of the sedimentary REE 
studies has been that Archean sedimentary rocks have 
REE patterns w'hich differ from those of sedimentary 
rocks of post-Archean age (Fig. 1). This has indicated 
that the composition of the exposed Archean crust 
was different to that of the post-Archean upper crust 
(Wildeman and Con die, 1973; Wildeman and H as­
kin, 1973; Jakes and Taylor, 1974; N ance and 
Taylor, 1976, 1977; Taylor, 1977, 1979; Taylor and 
McLennan, 1980a, b, c). Estimates of the REE con­
tent of the Archean and post-Archean upper crusts 
are given in Table 2. Detailed studies of Lower Pro­
terozoic sequences have showm that the change from 
Archean to post-Archean sedimentary REE patterns 
was probably related to the intrusion of K-rich 
granites near the end of the Archean (McLennan et 
ai, 1979; McLennan and T aylor, 1980a; Taylor 
and McLennan, 1980a, b).
Considerably less attention has been given to the 
distribution of Th in sedimentary rocks. In the most
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Tabic 1. Rare earth elements (in ppm) in some esti­
mates of average post-Arehcan and Archcan line­
grained sedimentary rocks and chondrite-normali/.ing 
factors
PAAS
( 1 )
ES
( 2 )
NASC
( 3 )
AAS
( 9 )
CHONDRI TES
( 5 )
La 38 41 . 1 32 1 2 . 6 0 . 3 6 7
Ce 8 0 8 1 . 3 7 3 2 6 . 8 0 . 9 5 7
P r 8 . 9 1 0 . 4 7 . 9 3 . 1 3 0 . 1 3 7
Nd 3 2 4 0 . 1 3 3 1 3 . 0 0 . 7 1 1
Sm 5 . 6 7 . 3 5 . 7 2 . 7 8 0 . 2 3 1
Eu 1 . 1 1 . 5 2 1 . 2 4 0 . 9 2 0 . 0 8 7
Gd 4 . 7 6 . 0 3 5 . 2 2 . 8 5 0 . 3 0 6
T b 0 . 7 7 1 . 0 5 0 . 8 5 0 . 4 8 0 . 0 5 8
Dv 4 . 4 - 5 . 8 2 . 9 3 0 . 3 8 1
Ho 1 . 0 1 . 2 0 1 . 0 4 0 . 6 3 0 . 0 8 5 1
E r 2 . 9 3 . 5 5 3 . 4 1 . 8 1 0 . 2 4 9
Tm 0 . 4 0 0 . 5 6 0 . 5 0 0 . 2 6 0 . 0 3 5 6
Yb 2 . 8 3 . 2 9 3 . 1 1 . 7 9 0 . 2 4 8
Lu 0 . 4 3 0 . 5 8 0 . 4 8 0 . 2 7 0 . 0 3 8 1
EREF. 1 8 3 . 0 2 0 3 . 5 1 7 4 . 2 7 0 . 3 3 . 8 9
E u / E u * ^ - * 0 . 6 6 0 . 7 0 0 . 7 0 1 . 0 -LV YV b) 9 . 2 8 . 4 7 . 0 4 . 8 ~
(1) Post-Archean average Australian shale (Nance 
and T aylor, 1976).
(2) European Paleozoic shale composite (Haskin 
and Haskin, 1966).
(3) North American shale composite (post-Archean) 
(Haskin and P aster, 1979).
(4) Archean average sedimentary rocks (Australia) 
(Taylor and M cLennan, 1980a).
(5) Chondrite-normalizing factors derived from 
Type 1 carbonaceous chondrite abundances (Evensen 
et at., 1978; M ason, 1979) multiplied by 1.5 to allow 
for removal of volatiles.
(a) Eu* is a theoretical value of Eu for no chondrite- 
normalized Eu anomaly.
(b) Where N refers to chondrite normalized value.
comprehensive study to date, M c Lennan  and 
T aylor (1980b) noted that there was no significant 
change in Th abundances in post-Archean sedimen­
tary rocks but that Archean sedimentary rocks have 
significantly lower Th abundances which supported
Table 2. Rare earth element abundances (in ppm) in the 
post-Archean and Archean exposed crusts (from T aylor 
and M cLennan, 1980b,c)
P o s t - A r «  h e a r t  u p p e r A r c h e a n  e x p o s e d
c o n t i n e n t a l  c r u s t c  r  u s t
a ) ( 2 )
La 30 1 2 . 6
C e 64 2 6 . 8
Pr 7 .1 3 . 1 3
Nd 26 1 3 . 0
Sm 4 . 5 2 . 7 8
Eu 0 . 8 8 0 . 9 2
Gd 3 . 8 2 . 8 5
Tb 0 . 6 4 0 . 4 8
Dy 3 . 5 2 . 9 3
Ho 0 . 8 0 0 . 6 3
Er 2 . 3 1 . 8 1
Tm 0 . 3 3 0 . 2 6
Yb 2 . 2 1 . 7 9
Lu 0 . 3 2 0 . 2 7
EREE ,  . 1 4 6 . 4 7 0 . 3
E u / E u * ( a ) 0 . 6 5 1 . 0LVYV a) 9 . 2 4 . 8
(1) Taken to be 20% lower than PA AS (Table 1) to 
account for low-REE bearing rocks such as carbonates and 
evaporites.
(2) Same as AAS (Table 1).
(a) See Table 1 for explanation.
the models of crustal evolution suggested by the REE. 
Thorium is likewise very insoluble during weathering 
and sedimentation and has a very short residence 
time in seawater (see M c Lennan and T aylor , 1980b).
N ance (1975) first noted the correlation between 
La and Th in fine-grained clastic sedimentary rocks of 
widely varying age from Australia. No specific 
interpretation was made but it was noted the La/Th 
ratio of sedimentary rocks was most similar to that of 
relatively felsic igneous rocks. The purposes of this 
paper are to document the REE-Th correlation, and 
comment on implications for the composition and 
evolution of the continental crust.
Fig. 1. Chondrite-normalized REE plots of various post-Archean shale composites and averages (ES, 
PAAS, NASC) and an estimate of the average Archean shale from Australia (AAS) Data from Table 1. 
Note the uniform nature of the post-Archean data. Such REE patterns, with high La/Yb and negative 
Eu-anomalies support the suggestion of a granodiorite upper continental crust during the post-Archean. 
The Archean pattern, with lower IREE, La/Yb and no Eu-anomaly is similar to typical andesites and 
suggests a more mafic exposed crust during the Archean.
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Table 3. La. Yb and Th distributions in some international igneous rock
standards
Sample Lithology La
(ppm)
Yb
(ppm)
Th
(ppm)
La/Th Th/Yb
PCC-1 per id otite 0.15 0.023 0.01 15 0.4
BHVO-1 basalt 16.7 1.90 1.12 8.8 0.6
BCR-1 basalt 24.2 3.48 5.92 7.0 1.7
W-l diabase 12 2.1 2.4 5.7 1.1
AGV-1 andesite 45 2.0 6.4 7.0 3.2
GSP-1 granodiorite 200 2.5 105 1.9 42
G-2 granite 56 0.9 24 2.3 27
G-l granite 101 0.9 50 2.0 56
Data sources: Abbey (1973): Flanagan (1978); Taylor and Gorton (1977); 
unpublished work (this lab.)
REE AND TH IN IGNEOUS ROCKS
Table 3 lists the La, Yb and Th abundances in 
some well analysed igneous rock standards. There is a 
clear compositional relationship for La/Th and 
Th/Yb. The values of La/Th increases and Th, Yb de­
creases towards more mafic composition.
REE AND TH IN SEDIMENTARY ROCKS
The correlation between La and Th in sedimentary 
rocks is shown in Fig. 2. These data include samples 
covering an age range of >3500Myr to <0.2 Myr. 
The samples are from Australia and Greenland 
(Nance and Taylor, 1976. 1977; McG regor and 
M ason, 1977; McLennan and Taylor, 1980a; 
Taylor and McLennan. 1979; Bavinton and
10 2 0
Th ( p p m )
Fig. 2. Plot of La vs Th in fine-grained sedimentary rocks, 
of widely varying age, from Australia and Greenland (see 
text for data sources). There is a clear correlation (r is 
statistically significant at >99.99",, confidence level) with 
most samples falling between La/Th =  2 and La/Th =  4. 
Note the Archean data tend to have higher La/Th ratios.
Taylor, 1980; unpublished data from this labora­
tory). About 75% of the samples have ratios which fall 
between La/Th = 2 and La/Th = 4. This corresponds 
to a relatively felsic composition (Table 3).
On closer inspection, the Archean samples appear 
to have higher La/Th ratios. Histograms of the data 
confirm this (Fig. 3) and alo suggest significantly more 
variability in the Archean data. Several Archean 
samples have extremely high La/Th greater than 15 
(Fig. 3). These samples are all from the early Archean 
Akilia association of West Greenland (McG regor 
and Mason, 1977). Some of these rocks may have 
metamorphosed to granulite grade. This could result 
in the loss of Th (Heier, 1978) and increase the La/Th 
ratio. Accordingly, these abnormally high values were 
not considered in determining the Archean average. 
The average post-Archean La/Th is estimated at 
2.7 ± 0.2 (errors represent 95% confidence interval to 
the mean) and the average Archean La/Th is esti­
mated at 3.6 ± 0.4. A skewed distribution, w’hich is 
commonly seen in geochemical data, may be present 
but transformation of statistics to correspond to a 
gamma distribution (Krumbein and G raybill, 1965) 
does not significantly alter the ratio means (<0.05).
N ance (1975) noted that there was no strong corre­
lation between Th and the heavy rare earths (HREE). 
Histograms of Th/Yb of Archean and post-Archean 
samples confirm this only to some extent (Fig. 4). The 
post-Archean samples do show a reasonable cluster­
ing around Th/Yb = 4.5-5.5 but the data are con­
siderably more scattered (average Th/Yb = 5.8 ± 0.7) 
than in the case of the La/Th data (Fig. 3). The 
Archean data, on the other hand, show wide scatter 
with both very low Th/Yb (<0.5) and very high 
Th/Yb (>4) being fairly common. The cause of this 
scatter is probably two fold. There is considerably 
greater variability in Archean sedimentary HREE 
patterns (Nance and Taylor, 1977; Taylor and 
McLennan, 1980a, b). The high Th/Yb values can 
generally be associated with samples showing HREE 
depletion. Metamorphic redistribution of Th in early 
Archean samples explains some of the very low 
Th/Yb values (also see above).
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Fig. 3. Histograms of La/Th for Archean and post-Archean samples. Note that the post-Archean 
samples have very restricted range of La/Th. The Archean data are more scattered than the post- 
Archean data but still have a reasonably restricted range of La/Th. The three early Archean samples 
with very high La Th (> 15) may have lost Th during metamorphism (see text for discussion).
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Fig. 4. Histograms of Th/Yb for Archean and post-Archean samples. Both plots are significantly more 
scattered than in the case of La/Th ratios although the post-Archean data do show a reasonable
clustering at Th/Yb = 4-6.
COMPOSITION OF THE POST-ARCHEAN 
UPPER CONTINENTAL CRUST
Th abundances
Since the average REE pattern in post-Archean sedimen­
tary rocks reflects the composition of the upper continental 
crust, the correlation between La and Th allows an inde­
pendent value for Th to be derived. Using a La value of 
30 ppm (Table 2, also see Taylor and M cLennan, 1980b) 
and a La/Th of 2.7, a value of Th = 11.1 ppm is calculated. 
Using the less secure Th/Yb ratio (5.8 ± 0.7) a value for Th 
of 12.8 ppm can be calculated (Yb = 2.2 ppm; Table 2). 
This approach is independent of other methods (see below) 
and thus presents a good test of previous estimates of crus­
tal composition. The following calculations are based on 
Th = 11.1 ppm.
U and K abundances
The mantle Th/U ratio is reasonably well constrained at 
about 3.8. There is no theoretical reason why these 
elements should fractionate during melting episodes which 
form the continental crust and a bulk crust Th/U of 3.8 
seems reasonable (Taylor and M cLennan, 1980b). Simi­
larly, melting phenomena which differentiate the continen­
tal crust should, in turn, not severely fractionate Th from 
U. On the other hand, there is some evidence that U may 
be preferentially moved into the upper crust, relative to Th, 
in fluid phases released during granulite metamorphism 
(Heier, 1973, 1978; Collerson and F ryer. 1978). Thus, the 
U value of 2.9 ppm calculated for the upper continental 
crust from Th/U = 3.8 should represent a minimum value.
The K/U ratio for accessible terrestrial rocks is reason­
ably well constrained at about 1 x 104 (Wasserberg et al.,
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1%4; O'Kelly et al. 1971). Using a uranium concen­
tration of 2.9 ppm and K U = 101 234. a K;0  concentration of 
3.5”,, is calculated for the upper crust.
Rh abundances
Estimating Rb abundances from K Rb ratios is intrinsi­
cally difficult, since fractionation of K from Rb during 
igneous processes is a common phenomenon (Shaw. 1968). 
Sr is a refractory element and its mantle concentration is 
reasonably well constrained by assuming that there is no 
fractionation between mantle and meteorite refractory 
element ratios (e.g. Ca-Al-Sr). Since the abundances of the 
refractory major elements can be estimated from nodule 
data or pyrolite. refractory trace element abundances (e.g. 
Th. U, Sr. REE) can be estimated for the mantle by this 
procedure (Taylor and McLennan. 1980b). A Rb Sr ratio 
of about 0.031 is also constrained by the inverse relation 
with the Sm-Nd systematics (O'N ions et al., 1979). Since 
the mantle K abundances can also be determined from 
K-Ar and K/U systematics (Taylor, 1979b), a primitive 
mantle K Rb ratio can be calculated with some certainty. 
This value is about 375 (Taylor. 1979b).
However, bulk continental crustal K/Rb ratios are not 
greater than 300. (Taylor and McLennan 1980b) indicat­
ing that Rb must be partitioned into the crust preferen­
tially to K. An upper crustal value for K/Rb = 250 is 
reasonably well established (Taylor and McLennan 
1980b). This indicates that intracrustal melting further con­
centrates Rb relative to K in the upper, compared to the 
lower crust. Thus the upper crustal K/Rb value for­
tuitously agrees with the C-l chondritic ratio of 256 
(Taylor and McLennan 1980b). Some caution is accord­
ingly needed in the use of ratios of apparently coherent 
elements in interplanetary comparisons. Using the K value 
of 2.9% and a K/Rb ratio of 250. we obtain Rb = 115 ppm. 
This compares with Rb values from the sampling programs 
of 110 ppm (Table 4).
Table 4. Comparison of some elemental concentrations in 
the post-Archean upper continental crust and the Archean 
exposed crust, derived from this study and various other 
estimates
1
P o s t - A r c h e a n  
2 3 4
A r c h e a n  
5 6
L a  ( p p m 3 0 30 32 71 1 2 . 6 1 2 . 6
T h ( p p m ) 1 1.1 10.5 1 0 . 3 1 0 . 8 3 . 5 2 . 9
U ( p p m ) 2 . 9 2 . 5 2 . 4 5 1.5 0 . 9 2 0 . 7 5
R b ( p p m ) 115 no 1 00 - 30 25
k20(%) 3 . 5 3 . 3 0 3 . 1 1 2 . 8 7 1.1 0 . 9 0
L a / T h 2 . 7 2 . 9 3. 1 6. 6 3 . 6 4 . 3
T h / U 3 . 8 4 . 2 4 . 2 7 .2 3 . 8 3 .8
K / U l O y O O O 1 0 , 9 6 0 1 0 , 5 3 0 1 5 . 8 6 7 1 0 , 0 0 0 1 0 , 0 0 0
K / R b 2 5 0 2 49 2 3 5 3 0 0 3 0 0
(1) The post-Archean upper continental crust, this study.
(2) The post-Archean upper continental crust, from 
Taylor and McLennan (1980b). La from sediment data 
(Table 2); others from direct sampling projects (columns 3 
and 4) and granodiorite compositions.
(3) The average exposed Canadian Shield, from Shaw et 
al. (1967, 1976).
(4) The average exposed Canadian Shield, from Fahrig 
and Eade (1968) and Eade and Fahrig (1971. 1973).
(5) The Archean exposed crust, this study. Data con­
strained by La = 12.6 ppm (from AAS) and La/Th = 3.6, 
Th/U = 3.8; K/U = 104; K/Rb = 300.
(6) The Archean exposed crust, from Taylor and
McLennan (1980c). Data constrained by K20  = 0.90% 
(average Archean volcanic rock) and La = 12.6 ppm (from 
AAS) and K/U = 104 6; Th/U = 3.8; K/Rb = 300.
COMPARISONS
T aylor and M cLennan (1980b) proposed the most 
recent estimate of the composition of the exposed 
continental crust. The values for Th. U. K and Rb 
were derived from a compilation of data collected 
from large scale sampling programs in the Canadian 
Shield (Shaw7 et al., 1967, 1976; F ahrig and F ade, 
1968; Eade and F ahrig, 1971, 1973; for example). 
REE abundances were derived from the sedimentary 
rock data (see Taylor and M cLennan, 1980b for 
details). Table 4 compares the data derived in this 
study to the estimates of T aylor and M cLennan 
(1980b) and two estimates for the Canadian Shield 
derived from sampling programs. We do not consider 
the La value (71 ppm) of Eade and F ahrig (1973) to 
be representative, since the sedimentary data should 
intrinsically give a better estimate. Moreover, the esti­
mate of Shaw  et al. (1976) give a La value (32 ppm) 
which compares favourably to the sedimentary data. 
Considering the uncertainties in the estimates made in 
this study, the agreement must be considered remark­
ably good and reaffirms confidence in a granodioritic 
composition for the upper crust.
The U value in T aylor and M cLennan’s (1980b) 
compilation may need revision. A Th/U ratio for the 
upper crust calculated from the sampling data is 
about 4.2 (see Table 4). somewhat higher than the 
mantle and crust value of 3.8 (see above). It is possible 
that U may have been lost from the surface of the 
crust due to recent periods of weathering (see 
Rosholt et al., 1973; O versby, 1975; M cLennan and 
T aylor, 1980b). Assuming the lower Th/U ratio, a U 
concentration closer to 3 ppm may be indicated.
THE ARCHEAN CRUST
Most estimates of the composition of the Archean 
upper crust (Fahrig and Eade, 1968; Eade and F ah­
rig , 1971, 1973; for example) have generally included 
lithologies typical of the late Archean and. thus, can 
only be considered representative of the latest 
Archean. Recently, T aylor and M cLennan (1980c) 
estimated the composition of the early Archean upper 
crust using the volcanic data for major elements and 
some trace elements, mixtures of some dominant lith­
ologies for other trace elements and the sedimentary 
REE data. The latter are probably the best con­
strained.
The La/Th correlation allows an independent check 
of this estimate to be made. Using La = 12.6 ppm 
(Table 2) and La/Th =  3.6, a Th value of 3.5 ppm is 
calculated for the Archean upper crust. Using 
Th/U = 3.8 and K/U = 104, we calculate 
U = 0.92 ppm and K20  = 1.1%. Since the early 
Archean crust was probably significantly less fraction­
ated than the post-Archean crust (Taylor and 
M cLennan, 1980b, c), K/Rb = 300 is a reasonable 
value. This gives Rb = 30 ppm for the Archean crust. 
These values are compared to those of T aylor and
G.C.A 4 4 /1 1  — N
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M c Lennan  (1980c) in Table 4. The latter data were 
essentially derived by constraining K from the vol­
canic data and calculating Th. U and Rb. The esti­
mate, derived from different methods, agree to within 
20°o and we consider this to be excellent considering 
all of the inherent uncertainties in both approaches. 
Such data clearly support a substantially more mafic 
composition for the Archean crust.
CONCLUSIONS
A clear correlation between La and Th is apparent 
for fine-grained sedimentary rocks from Australia and 
Greenland. Average La/Th ratios are estimated at 
2.7 + 0.2 for the post-Archean sedimentary rocks and 
3.6 + 0.4 for Archean sedimentary rocks. Since the 
REE distribution of sedimentary rocks is character­
istic of exposed crustal abundances, the concentration 
of Th in the upper crust can be estimated from this 
correlation. Average Th abundances of 11.1 and 
3.5 ppm are indicated for the exposed post-Archean 
and Archean crusts, respectively. Using reasonable 
assumptions about certain inter-element ratios for 
upper crustal rocks (Th/U = 3.8; K/U = 104; 
K/Rb = 250), estimates for U, K and Rb can also be 
made. These indicate U = 2.9 ppm, K20  = 3.5% and 
Rb =  115 ppm are minimum estimates for the post- 
Archean upper crust. Values of U = 0.92 ppm; 
K20  =  1.1% and Rb = 30 ppm are suggested for the 
exposed Archean crust. These estimates agree very 
well with those made from other considerations, by 
T aylor and M cL ennan  (1980b, c) for the post- 
Archean and Archean exposed crusts.
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Th and U in sedimentary rocks: 
crustal evolution 
and sedimentary recycling
Scott M. McLennan & S. R. Taylor
Research School of Earth Sciences. Australian National University. Canberra. ACT 2600. Australia
Thorium und uranium abundances in sedimentary rocks increase at the Archean-Proterozoic boundary, in response to 
an episodic change in the composition of the upper continental crust. Uranium decreases and Th U increases during 
post-Archean time due to significant recycling ql sedimentary rocks.
Secular \ariu tions in sedim entary rock com positions are of 
m ajor im portance because they constrain models of crustal 
evolution and the am ount of sedim entary recycling through 
geological time. tF or reviews of m ajor element trends see refs 
1-5). O f the im portant trends noted for the rare earth  elements 
(REE)'’“ "  the most significant is the sharp change in 
sedim entary REE patterns associated with the A rchean- 
Proterozoic boundary about 2.500 M yr ago. This has been 
interpreted as being the result of a m ajor episodic change in 
the com position of the exposed crust at the end of the 
Archean Era*"1'.
Such changes in crustal com position through time (mafic to 
felsic) should be reflected by a change in Th and U 
abundances in sedim entary rocks. The possible role of 
sedim entary recycling can also be assessed from such data. 
D uring rock weathering. U 4T is readily oxidized to L’” * and 
forms the highly soluble species [U O ; ] 2 _ : on the other hand. 
T h4 * does not change oxidation state during weathering and 
remains relatively very insoluble. Hence, if recycling of 
material is im portant in the chemical evolution of sedim entary 
rocks, it should be accom panied by a steady increase in Th U 
ratios, as U would be continually lost during successive cycles 
of weathering and redeposition. providing oxygen is available 
in the atm osphere hydrosphere system.
Ronov and M igdisov12 have exam ined Th and U 
distributions as a function of age for sedim entary rocks of the 
N orth American and Russian Platforms. Using those data. 
Veizer2 ' 3 noted a general increase, for Th A! and U Al. in 
progressively younger rocks. This has been interpreted as 
support for a gradual change in the com position of the 
exposed crust from mafic to felsic '2' !3. However, the quality of 
the analytical data, as m easured by analyses of international 
inter-laboratory rock standards, has not been well established 
in these studies. The trends noted have not been confirmed on 
o ther continents. Finally, the Th Al and U Al trends could be 
an artefact of possible decreases in Al in sedim entary rocks4.
For several years, this laboratory has been accum ulating 
high quality trace element data, including Th and U, for 
clastic sedim entary rocks, prim arily from Australia, of all 
ages'’ " 14-1 . Some 90 samples covering an age range of 
>3.700 M yr to the present have been analysed The 
d istribution of Th and U in these rocks, the implications for 
the evolution of the continental crust, and the possible role of 
sedim entary recycling are discussed here.
Samples and results
For this type of investigation, the use of fine-grained clastic- 
sedim entary and m etasedim entary rock is most appropriate, as
these represent the end product of sedimentary processes. In 
the present work, we have relied mainly on such rocks, 
including shales and mudstones of approxim ately uniform 
m ajor element com position. In a few places (such as Henbury I 
where suitable samples were not available, sub-grey wackes and 
siitstones of similar m ajor element com position were used. 
This is acceptable as these rocks also represent an effective 
sam pling of the upper crust. No significant differences were 
seen in m ajor element o r trace element distributions that could 
be attributed  to the difference in lithology.
M ost samples were obtained from drill core material, to 
minimize trace element m obility due to weathering. Com posite 
samples were avoided because of the possibility of inclusion of 
aberrant m aterial. Sedim entary rocks which obviously were 
derived from a first cycle of sedim entation, such as the 
Devonian volcanogenic greywackes of the Baldwin
Form ation . were excluded. Samples showing visible o r 
geochemical indications of alteration were also excluded.
All samples were analysed for Th and U by spark source 
mass spectrographs. The details of the method were recently 
discussed by Taylor and G o rto n 11*. This technique is sensitive 
for both Th and L (detection limit 0.02p.p.m .) and both 
elements can be accurately determined. Accuracy and precision 
are better than ±  5 "...
The concentrations of Th and Ü at the time the rocks were 
deposited would not be the same as those measured in the rocks 
today, as both Th and U undergo radioactive decay. Thus the 
original U concentration would have been m ore than twice the 
present measured concentration for a rock deposited 3.SIX) 
M yr ago. The Th L ratio  is also affected as the half lives of 
Th and various uranium  isotopes are different. However, the 
trends noted in the present study are not controlled by such 
processes as all possible source regions, as well as the samples 
themselves, have undergone such decav.
The results of this study have been tabulated in two ways. 
Table I summarizes the raw data for Th. U and Th U. on the 
basis of location and approxim ate age. To help identify m.itor 
trends the data were also grouped into 500-Myr intervals 
l ia b le  2). The period 2.1XX) 1 .(HKJ M yr was included in one 
interval due to the lack of samples.
Thorium. The variation of Th in sedim entary rocks with 
geological time is shown in Fig. I. D uring the early Archean 
(>  3.000 Myr) the average abundance of Th was very low. at 
^  1 .5 ± 0 .8 p.p.nt. (errors indicate the 95"., confidence interval 
on the mean). The significance of the very early Archean Th 
and U data is questionable because of possible m etam orphic 
effects. The o ther Archean samples have higher Th abundances 
at 4 .5 ±  l.Op.p.m. There seems to be a sharp increase in Th
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Tabic 1 Summary o f Th and L! data lo r sedimentäre rocks
Location
Samples 
1 tt i
Approxim ate 
age (Gyr) TIP U* Th U*+ Ref.
G odthab |A k ilia  association: 
Greenland l 7 -> 3.7 1.4 ± 1.4 0.38 ±0.24 3.1 ±  1.3 17: This
Godthab (Malene supracrustals;
G reenland) 5 > 3.0 1.6 ± 1.5 0.73 ±0.76 2 4 -  1.5
study
This study
kam balda (Australia) 14 2.8 4.3 - 1.4 1.3 ±0 .4 3.4 ±0.3 14
ka lgoorlie  (Australia) 7 2.8 4.X ± 1.4 1.4 ±  0.3 3 4 -O  S i
llamersley Basin (Australia) 7 2.47 18.1 ± 4.3 3.5 ±1 .2 5.7 ±2.4 This studv
Pine Creek Geosyncline (Austra lia ! 9 2.2 12.8 ± 2.2 3.6 ±  1.2 3.9 ±0.9 10
M ount Isa (Australia) 5 1.5 11.4 = 2.9 3.9 ±3 .0 3.5 ±1.5 6
Henbury ^Australia) 3 1.1 14.7 ± 3.4 3.1 ± 1 1 4.8 ±0.8 15
Amadeus Basin (Pertatataka 
Form ation: Australia! 6 0.85 14.4 - 2.5 2.6 ±0 .3 5 .6 -0 .7 6
Amadeus Basin (Arumbera Form ation: 
Australia I J 0.50 9.1 ± 2.8 1.5 ±0.4 5.9 ±0.9 6
State Circle t Australia! -j 0.45 14 3 — I I 2.6 ±0.3 5 .5 -0 .7 6
Perth and Canning Basins (Australia) 5 0.30 16.0- 3.3 2.8 ±0.8 5.8±0.7 6
Perth Basin 'Austra lia ! 4 0.22 14.7 — 13.3 3.1 ±  2.4 4.7 ±  1.8 6
Carnarvon Basin 2 0.15 23.5 3.2 7.6 16
•Uncertainties represent 9 5 confidence lim its on the means.
+Th L  tallies are the a\erases o f individual Th L  for each sample.
abundances associated with the Archean-Proterozoic 
boundary (which for these samples is at -2.500 Myr). Linear 
regression of the post-Archean Th ungrouped data (Fig. II 
indicates no change through time although this correlation is 
not statistically significant. The means of the data in the 
intervals 2.500-2.000 M yr and 500 0 M>r are statistically 
indistinguishable. We conclude that there is no significant 
trend in the Th concentrations during the post-Archean. The 
average concentration of Th in post-Archean samples is 14.6 
±  1.2 p.p.m.
Uranium. Figure 2 displays the grouped L data plotted against 
geological time. There is a sharp increase in U concentrations 
similar to that for thorium, associated with the Archean- 
Proterozoic boundary. The abundance of L seems to decrease 
during post-Archean times. Linear regression of the U 
ungrouped data I Fig. 2) seems to confirm such a trend w ith 
the correlation significant at ~9K "„ confidence level. A 
decrease in Li during the post-Archean is also indicated by the 
fact that samples deposited bey ween 2.5 and l.U Gyr are 
statistically distinct from these samples deposited after 1.0 Gyr. 
The average U concentration in the post-Archean samples is 
3.1 ±0.4.
Age I ( o r )
Kijj. I Plot o f Th abundances in sedimentary rocks against 
geological time. The poinls and error bars represent the mean 
and 95".. confidence interval, respectively, o f the grouped Th 
data (Table 2). The heavy solid line is based on a linear 
regression o f the post-Archean ungrotiped Th data lsummari/ed 
in Table I). It is unlikely that Th abundances have changed 
during post-Archean tunes
Th L' r,nios. Th U data are plotted against geological lime in 
Fig. 3. There is a clear trend of increasing Th U with time for 
tiie grouped data. Linear regression of the post-Archean Th U 
data illustrates the trend but the correlation is significant only 
at ~ 9 S co n fid e n ce  level. Inclusion of the Archean data in 
the regression generates a similar trend (dashed line in Fig. 31 
of increasing Th L with geological time. This correlation is 
significant at a greater than 9 9 . 9 confidence level.
Discussion
The early Archcan samples have very much lower Th. U and 
Th U ratios than all other samples. If these values are 
representative of the original concentrations in these rocks, 
then a progressive increase in Th and U throughout the 
Archean is suggested. The increasing Th U ratio through the 
Archean could imply that sedimentary recycling in an 
oxidizing environment was an important phenomenon back to 
>3.700 M yr (see below). Samples used in this study were 
taken from the Akilia association (>3.700 Myr) and Nlalene 
supracrustals (>3.000 Myr) of the Godthab district in West 
Greenland. A ll these rocks have been metamorphosed to 
amphibolite grade and some may have reached granulite grade 
metamorphism1 ■|1' 22. Recent study of U in metamorphic 
rocks23 indicates that this element (and presumably Th as 
well) is essentially immobile up to amphibolite grade, but is 
lost, through migrating fluid phases, during granulite 
metamorphism, 1 Icier24 has also noted the depletion of Th 
and U in granulites. Studies of early Archean high grade 
terrains34 25 clearly suggest widespread loss o f Th and l '  
during high grade metamorphism. The cause of changes in the 
Th U ratio during granulite metamorphism is not clear. 
Although many of the samples used in this study did not reach 
granulite grade, their proximity to such environments makes 
the Th and 1 data suspect and conclusions derived from these 
data equivocal. Much more work is needed to understand the 
significance of the low Th. L! and Th U in early Archean 
sedimentary rocks.
Several recent lines of evidence indicate that the chemical 
evolution of the upper continental crust is sharply episodic. 
This was demonstrated by Vet/er*" and Yeizcr anil 
Compston2 . who estimated from carbonate rocks, the Sr 
isotopic evolution of seawater following on the early work of
G a s t2" The " Sr M,’Sr ratio of Archcan oceans was similar to 
upper mantle values, but an extremely sharp increase of the 
radiogenic component (A" Sr x"Sr ~ 0.0025) was found at 
about the Archean Proterozoic boundary. This would
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correspond to a major addition of a felsic component to the 
exposed crust at that time. Studies of REE in sedimentary 
rocks ha\e also documented a dramatic chance m REE 
patterns associated with the Archean-Proterozoic 
boundary8 12. This was interpreted as a major chance in the 
composition of the upper crust related to the intrusion of large 
quantities of K-rich granites at the end of the Archean''1-'. In 
addition, the uniform REE pattern in post-Archean 
sedimentary rocks" indicates that there has been no 
substantial compositional change during that time.
The Th and l '  data agree with these models of crustal 
evolution. Both Th and U abundances show steep increases 
associated with the Archean Proterozoic boundary, coinciding 
with changes shown by Sr-isotopes in carbonates and REE in 
sedimentary rocks. The intrusion of late Archean K-rich 
granites into the upper crust could account for this change. 
Such rocks contain high Th and U concentrations (for 
example, two late Archean K-rich granites from the Pine 
Creek Geosyncline have L contents of 3.5 and 5.3 p.p.m. and 
Th contents of 17 and 21 p.p.m. respectively10). The lack of 
any secular variation in Th abundances would also support 
the contention that there have been no significant changes in 
upper continental crustal composition during post-Archean 
times. Plots of Th abundances against time for fine-grained 
rocks of the North American and Russian Platforms1* also 
show no significant change for this element during the post- 
Archean. Trends noted for U and Th U ratios are probably a 
secondary feature and will be discussed below.
B  I .Oh -
. •
0 .? j-  !
3.5 2.5 1.5 0.5
Age (Gvrl
Fig. 2 Plot o f U abundances in sedimentary rocks against
geological time. The heavy solid line represents a linear 
regression o f the post-Archean ungrouped L' data.
It has been pointed out that a suitable test for these models 
could be made on sedimentary rocks from the late Archean of 
South Africa (Pongola. Dominion. Witwatersrand Systems)21'. 
These rocks, though dearly Archean in age (>  2.700 Myr). 
closely resemble typical lower Proterozoic sequences. These 
rocks were deposited after the major crust-forming (intrusive) 
event in that area. If the models of episodic crustal evolution 
suggested above are correct, these rocks should show post- 
Archean geochemical signatures. Five sedimentary samples 
from the Pongola succession ( -  3.000 Myr) have been 
analysed. The results show: Th = 8.9 + 3.3 p.p.m.: U = 2.7
+ 1.8 p.p.m.: and Th Li = 3.8 ±1.5. The Th and U values are 
significantly higher than those typical of Archean samples and 
approach values typical for the post-Archean. The Th U ratio 
is somewhat low but within the range found for Lower 
Proterozoic (2.5 2.0 Gvrl sedimentarv rocks (average Th U 
= 4.7 + 1.0).
The role of large scale recycling of sedimentary rocks has 
been discussed by several authors1 3,s. Recently. Vei/er and 
Jansen5 have provided detailed models, invoking large-scale 
sedimentary recycling throughout time, to explain many 
physical, chemical and isotopic features of the sedimentary 
record. They proposed that the sedimentary cycle is about 
65 cannibalistic.
Table 2 Summary o f Th and U data.
sedimentarv rocks
grouped by age, for
T ime interval Samples
(Gyr) Oil T h ' U ' Th U ' +
3.0 12 *«/> If C 0.53 + 0.29 2.8 + 0.8
3.0 2.5 21 4 5 -  10 1.3 +0.3 3 4 + 0.3
2.5 2.0 16 15.2-2.4 3.6 +0.7 4.7+ 1.0
2.0- 1.0 S 12.6 r  2.2 3.6 +1.6 4 0 + 0.9
1.0-0.5 9 12.6-2.6 2.2 +0.4 5.7 -0 .5
0.5 -0.0 IS 15.9 + 2.3 2.8 ±0 .4 5.6 r  0.5
'Uncerta inties represent 95 " , confidence lim its on the means.
+Th U values are the averages o f the individual Th U for each 
sample.
The Th and L  data also suggest an important role for 
sedimentary recycling in controlling the chemical composition 
of sedimentary rocks, at least as far back as the Archean- 
Proterozoic boundary. Th and U data should show an 
increase in Th U ratio with time if sedimentary recycling is a 
dominant process. Such a feature is noted in Fig. 3 and seems 
to be mainly controlled by a decrease in U (Fig. 2). at least 
during the post-Archean.
The increases in Th U (and possible decrease in U) in 
sedimentary rocks, through geological time, is best explained 
by separation of U from Th due to U loss from repealed 
cycles of weathering and resedimentation. The sharp changes 
in the concentrations of Th and U at the Archean-Proterozoic 
boundary do not easily allow direct extrapolation of this 
conclusion back into Archean times. However, the average 
Th U ratio for Archean samples falls on a trend similar to that 
delineated by the post-Archean and could suggest that 
sedimentary recycling in an oxidizing environment has been 
important well back into the Archean (see further discussion 
below).
If U is lost selectively from the sedimentary sequences, what 
is the ultimate fate o f this element? Uranium has a much 
longer residence time than Th and the Th U ratio of seawater 
is of the order of 3 x 10"3 (ref. 30). However, the mass of U in 
the oceans is much lower than in the exposed crust and it is 
unlikely the oceans themselves could be a major sink. The 
most likely sink for U is in altered oceanic basalt. Aumento et 
a/.31 have recorded enrichments of up to a factor o f 40 in such 
rocks. Bloch32 has estimated that between a half and two- 
thirds of the U delivered to the oceans finds its way into 
oceanic basalts through hydrothermal alteration or submarine 
weathering.
The addition o f U to oceanic basalt would decrease the 
Th U ratios of such rocks. This phenomenon would also result 
in the subduction of uranium which was derived from the 
continental crust. The implications of uranium subduction have
6.0
___ _____
-  . . . -—'
ß
•
2 0
3 5 2 5 1.5 0 5
Age (Gyr)
Fig. 3 Plot o f Th U ratios in sedimentarv rocks against 
geological lime. The heavy solid line represents a linear 
regression of the post-Archean ungrouped 1 h U data (r is 
significant al - 9 K " „  confidence level I The heavy dashed line 
represents a linear regression which includes the Archean Th U 
data (see Table 3) ( r  is significant al >99 .9",, confidence level).
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recently been extensively discussed by Fyfc33. Note that botli 
mid-ocean ridge basa lts and island-arc tholentes ha\e low 
Th L'. Whether this is due to crustal recycling or to the 
derivation of both magma types I’rom a mantle depleted in Th 
relative to U remains questionable.
At least three other controls on the Th and L' distributions 
are possible. Work on Pb-isotope systematic* indicates that 
substantial amounts of U have been lost from many rocks, 
probably due to weathering'14 i S . As the Pb-isotopes were not 
allected in these studies, the weathering must have occurred 
fairly recently. Samples used in this study were taken mostly 
from drill core to mininn/c this effect. We see no reason that a 
recent episode of weathering should preferentially affect 
younger rocks, thus producing the U and Th U trends 
observed here. On the other hand, the effects of a recent 
period of weathering, which removes a more or less constant 
proportion of uranium from all samples, will not affect any of 
the noted trends.
Many workers have argued that the cariy Precambrian 
atmosphere had too little free oxygen to allow efficient 
solution and mobilization of U during weathering (see. for 
example, refs 2. 29. 36-39). The best estimate when free 0 : 
was abundant enough to cause oxidation of uranium is 
-  2.300 Myr (refs 29. 37). The increase in Th and L: 
abundances at the Archean Proterozoic boundary cannot be 
attributed to this feature, as an influx of O- would not affect 
Th and would decrease L in sedimentary rocks. On the other 
hand, the lack of abundant O, during Archean times certainly 
alfects the interpretation of Th U ratios during this period. 
The trend of Th U ratios during post-Archean time demands 
an oxidizing environment. If the Archean atmosphere was 
deficient in free O,. Th U would not be affected by weathering 
processes and should remain essentially constant throughout 
the Archean.
Thus, two models can explain the observed data. First, the 
Th U ratio in sedimentary rocks may have steadily increased 
throughout geological time indicating an oxidizing atmosphere 
and hydrosphere as far back as about 3.800 Myr. 
Alternatively, the Th U ratios of sedimentary rocks may have 
remained essentially constant throughout the Archean with a 
substantial change near the Archean- Proterozoic boundary, 
when Th and U were added to the upper crust (see above and 
Figs 1 and 2). The Th Li ratio would then steadily increase 
during the post-Archean due to recycling of sedimentary rocks 
in an oxidizing environment. Determining the correct model 
could provide crucial evidence on the nature of the early 
atmosphere and hydrosphere. Various statistical tests have 
been performed on the data but are unable to reject cither 
model unequivocally. The question is complicated by the 
possible metamorphic effects on the early Archean samples 
(see above). W'e are initiating a project on early Archean. low
grade metamorphic sedimentary rocks from Western Australia 
to illuminate this important problem.
Another possible influence on U abundances is the amount 
of organic carbon in sedimentary rocks. If carbon content has 
increased with time, this could cause the decreasing U content 
and increasing Th U ratio, as U is strongly concentrated in 
carbon-bearing sedimentary rocks40. However, recent studies41 
indicate no clear trends with time for organic productivity and 
preservation as far back as '-3.400 Myr. Hence it seems
unlikely the trends noted in this study are primarily related to 
secular variations in organic productivity and preservation. 
Lower Proterozoic conglomerate-type and unconformity-
type U ore deposits are among the largest uranium deposits in 
the world 1 3 42. These occurrences coincide with the large
volumes of U introduced into the upper crust in relation to 
the intrusion of late Archean K-rich granites. Early dispersion 
of this material would contribute significantly to the formation 
of large U-deposits in the Lower Proterozoic.
Conclusions
Th. U and Th U are very low in early Archean sedimentary 
rocks compared with sedimentary rocks of all other ages. 
Whether this is a primary feature or one imposed by 
metamorphic redistribution is uncertain. A sharp increase in 
Th and L abundances is associated with the Arehean- 
Proterozoic boundary. This seems to be in response to a 
dramatic, episodic change in the composition of the upper 
continental crust related to widespread granitic intrusions at 
the end of the Archean Era. No evidence for a major change 
in upper crustal composition during post-Archean times is 
observed in these data. A secular increase in Th U and a 
secular decrease in U is observed in sedimentary rocks during 
post-Archean time. These features are best explained by 
sedimentary recycling in the presence of an oxygen-rich 
atmosphere and hydrosphere, which results in a distinct 
fractionation of Th and U during successive weathering cycles. 
Extrapolation of the Th L trend into Archean times is 
equivocal. With the present data, models involving gradual 
changes in the Th U throughout time or an episodic change in 
Th U at the Archean-Proterozoic boundary cannot be 
distinguished. Rapid dispersion of uranium introduced into the 
upper crust during the late Archean is probably closely related 
to the large uranium ore deposits of the Lower Proterozoic.
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CHEMICAL SIMILARITY BETWEEN IRGHIZITES AND JAVAN TEKTITES;
S.R. Taylor and S.M. McLennan, Research School of Earth Sciences, 
Australian National University, Canberra, Australia.
The terrestrial origin of tektites was established by chemical and 
isotopic data, which preclude an origin from the moon (1). Lack of 
exposure to cosmic radiation precludes an origin from outside the 
Earth-Moon system. Although the origin of tektites as splashed glass 
produced from terrestrial rocks during meteorite, cometary or asteroid 
impact on the Earth has been widely accepted, the identification of 
the specific source areas has proved more difficult. The widespread 
Australian-East Asian tektite strewnfield, together with the occurr­
ences of microtektites from deep-sea cores, covers about 4% of the 
Earth’s surface. No source is obvious, a fact which previously helped 
the popularity of the hypotheses of lunar origin.
Various suggestions have been made for the parental crater for 
the Australian and S.E. Asian tektites. These range from Antarctica 
(2), to Siberia (3) and to the Zhamanshin structure, 200 km north of 
the Aral Sea (4). Taylor (3) listed the criteria to be employed in 
searching for the source crater. These indicate that the source is 
north or northwest of the strewnfield. Both the size, and number of 
tektites increases from Tasmania to Vietnam. The largest specimens, 
the Muong-Nong type, which weigh up to 3 kg, occur in Cambodia, at 
the NW edge of the strewnfield. The flanged or button tektites, which 
have travelled furthest, and fastest, occur at the SE portion of the 
field, in Australia, with a few samples known from Java. NW-SE trends 
in size and composition have been identified across the strewnfield 
(6).
Some of the proposed sources can be ruled out. Antarctica is 
in the wrong direction. The Elgegytgyn crater in Siberia is too old 
(7) and is probably too far to the east. Impact glass (zhamanshinites) 
and associated tektites (irghizites), the first such direct association 
have recently been discovered at the Zhamanshin structure (8). The 
most reliable age for this event is about one million years (7). Since 
both the age and location of the crater are appropriate, a comparison 
of the major and trace element chemistry of the ejecta has been made 
with that of tektites from the Australian strewnfield.
Three samples of irghizites, and two zhamanshinites were supplied 
by Dr. K. Fredriksson from the Smithsonian Institution collections, 
originally provided by Dr. Florensky. One of the irghizites and one 
zhamanshinite are silica-rich CW4% Si02) and the others are silica 
poor (V55% SiÜ2). In this paper, we deal mainly with the silica-rich 
samples. Since most of the tektite data is pre-Apollo, new analyses 
have been carried out for 5 australites, 3 Java tektites, one philli- 
pinite and one indochinite, in addition to new analyses of Henbury 
impact glass and country rocks, from a small scale impact event in 
material of analogous composition to australites.
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Major elements. There is a general similarity in composition 
between the silica-rich irghizites and Australian tektites (Table 1).
The closest comparison is with the high Mg-Cr Javanites (Table 1,
Fig. 1) . CaO, which is the most variable major element component in 
tektites, is slightly lower and FeO a little higher in the irghizites. 
The australites, indochinite and phillipinite are lower in MgO, FeO 
and higher in AI2O 3 and CaO, although the overall resemblance in 
composition for this very small sample population is striking.
Trace elements. A distinctive feature of the irghizites samples 
so far is their high Ni and Co values (9-11) in comparison with 
tektites (Figure 2). The abundance levels correspond to about 1% 
contamination by a typical iron meteorite or about 10% by a chondritic 
meteorite. The irghizite data show high Cr aboundancs similar to 
Cr-rich tektites from Java, and to some of the more Mg-rich australites. 
The zhamanshinite impact glasses contain generally higher concentrations 
of volatite and chalcophile elements (Tl, Cs, Pb, Cu) than do the 
associated irghizites which have presumably been subjected to higher 
temperatures. Copper is the only element (except Ni and Co), which is 
a little higher in the irghizites, compared to the tektites, but the 
values lie within the range of older literature values.
REE data. All the tektite data fall within a tight grouping 
(Figure 3, 4) including the microtektite data (12, 13). They are 
closely similar, both in relative patterns, and absolute abundances, 
to average sedimentary rock patterns (PAAS). The two silica rich 
irghizites have REE patterns parallel to, but lower than the tektite 
data. The silica-rich zhamanshinite has a REE pattern parallel to, 
but higher in abundance than the tektite patterns. These very 
limited data suggest that the zhamanshinite-irghizite REE data over­
lap the tektite field, but have a somewhat wider spread in composition, 
an impression strongly reinforced by the other trace element data.
Thus the tektite compositional data could be interpreted as a selective 
set of the impactite compositions, a conclusion which appears con­
sistent with our very limited understanding of jetting from impact 
events (14). Figure 4 shows the Henbury glass and country rock data, 
indicating no change in composition during glass formation. In this 
small event, such volatile elements as Cs, Bi and Tl are retained 
during melting. The more extreme conditions of tektite formation 
probably volatilize these elements in part. The silica-poor irghi­
zites will be treated separately.
Conclusions. (1) there is close similarity in composition for
35 elements between Java tektites and silica-rich ejecta from the 
Zhamanshin impact structure. (2) The tektite data show less spread 
in composition then do the impactites. (3) The impactites contain 
high Ni and Co derived from meteoritic sources. (4) From the sim­
ilarity in age and chemistry, a prima facie case has been established 
for considering the Zhamanshin impact structure as a source for the 
Javan tektites, and hence for the closely associated S.E. Asian and 
Australian tektites. Further detailed isotopic and chemical work is 
warranted.
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Table 1
1 2 3 4
Si02 73.2 73.6 73.0 73.3
Ti02 0.75 0.66 0.69 0.69
A120 3 11.9 11.4 12.2 11.7
FeO 5.9 5.1 4.7 4.6
MgO 2.6 3.2 2.5 2.0
CaO 1.8 2.2 3.1 3.5
Na20 1.0 1.0 1.1 1.3
K20 2.2 2.3 2.3 2.3
1. Average of 3 irghizites.
2. Average of 3 Java tektites.
3. Average of 11 australites and SE Asian tektites.
4. Average of 43 australites.
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Chemical relationships among irghizites, zhamanshinites, 
Australasian tektites and Henbury impact glasses
S. R. Taylor and S. M. McLennan
Research School of Earth Sciences, Australian National University, Canberra. Australia
(Received 16 February 1979; accepted in revised form 23 May 1979)
Abstract—Analytical data for 40 elements are presented for three irghizites (tektite-like forms) and 
two zhamanshinites (impact glasses) from the Zhamanshin impact structure (Lat. 49 N, Long. 6UE), 
200 km north of the Aral Sea, Kazakstahn SSR, USSR. Comparative data for 10 Australasian tektites 
(3 javanites. 5 australites, an indochinite and a philippinite), Henbury impact glass and parental Hen­
bury subgreywacke sedimentary rocks are also presented.
There is close similarity in composition between the three silica-rich samples from Zhamanshin 
(two irghizites and one zhamanshinite) and the high Mg-Cr tektites from Java, except that the irghizites 
contain high Ni and Co contamination from the impacting body. The silica-rich zhamanshinite is 
nearly identical in composition to Henbury impact glass. The refractory trace elements and REE 
show close similarities among all 17 silica-rich samples, although the tektites show a smaller spread 
in composition compared with the samples from Zhamanshin. All the silica-rich samples have REE 
patterns consistent with derivation from terrestrial sedimentary rocks of post-Archean age. All are 
thoroughly terrestrial. The silica-poor zhamanshinite and irghizite have Al, Na, K, Ni, Cr, Th, U 
and REE abundances consistent with derivation from a basaltic andesite parent material.
The close similarity in chemistry and age between the silica-rich samples from Zhamanshin and 
Javan tektites from the Australasian strewnfield warrants a close examination of the Zhamanshin impact 
structure as a possible source region for the Australasian tektites.
THE SOURCE PROBLEM
T he terrestrial origin of tektites was established by 
chemical and isotopic data, which preclude an origin 
from the moon. The evidence against a lunar origin 
is adequately summarized by T aylor (1973, 1975) 
and by K ing (1977) and it is unnecessary to repeat 
it here. Lack of evidence of exposure to cosmic radi­
ation precludes an origin from outside the Earth- 
Moon system (Viste and Anders, 1962).
Although the origin of tektites as splashed glass 
produced from terrestrial rocks during meteorite, com­
etary or asteroid impact on the Earth has been widely 
accepted, the identification of the specific source areas 
has proved more difficult. The oldest group, the 
bediasites, dated at 34 Myr, show no obvious connec­
tion with an impact crater, although the Popigai 
crater (75 km diameter) in Siberia has been suggested 
(D ietz, 1977a, b). The 15.7 Myr old moldavites are 
usually identified as coming from the Ries impact 
structure, of identical age, although the precise source 
rock (of arkosic composition) remains to be identified. 
The best example of association of tektites with an 
impact crater remains the chemical and isotopic simi­
larities between the Ivory Coast tektites and the 
Bosumtwi crater in Ghana (e.g. Schnetzler et ai, 
1967; Kolbe et ai, 1967). The wide-spread Australian- 
East Asian tektite strewnfield, together with the 
occurrences of microtektites from deep-sea cores, 
covers approximately 4% of the Earth’s surface. No 
source is obvious, a fact which commonly was cited 
in support of hypotheses of lunar origin. Darwin glass 
is the same age as the australites (~ 700,000 yr), but
has a more silica-rich composition (equivalent to 
micaceous sandstone) (Taylor and Solomon, 1964) 
and is closely associated with a small depression of 
possible impact origin in Western Tasmania (Ford, 
personal communication). An occurrence of impact 
glass at the 4000 yr old Henbury craters in Central 
Australia, has, by chance, a composition identical for 
most elements, to australites (Taylor, 1966). 
Although the crater is much too small and too young 
to be a source for tektites, the association of impact 
glass and the parent rock has provided a useful 
analogy with the larger tektite forming events 
(Taylor and Kolbe, 1965).
Various suggestions have been made for the paren­
tal crater for the Australian and S.E. Asian tektites. 
These range from Antarctica (Schmidt. 1962), Cam­
bodia (13°55'N, 106C34'E; Hartung and Rivolo, 
1979), Elgygytgyn crater, Siberia (67e30'N, 172°00'E, 
D ietz, 1977a, b) to the Zhamanshin structure (49:N, 
61CE) 200 km north of the Aral Sea (Glass, 1978). 
T aylor (1969) listed the criteria to be employed in 
searching for the source crater. Very many criteria 
indicate that the source is north or northwest of the 
strewnfield. Both the size, and number of tektites in­
creases from Tasmania to Vietnam. The largest speci­
mens, the Muong-Nong type, which weigh up to 3 kg, 
occur in Cambodia, at the NW edge of the strewn­
field. The flanged or button tektites, which have 
travelled furthest, and fastest, occur at the SE portion 
of the field, in Australia, with a few samples known 
from Java. NW-SE trends in size and composition 
have been identified across the strewnfields (McColl 
and W illiams, 1970). Thus the proposed source in
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Table 1A. Major element data for the following samples: 1. Zhamanshinite USNM 5932; 2. Irghizite. 1-21; 3. Irghizite
3 13; 4. Javanite, 16; 5. Javanite, 28; 6. Javanite, 29; 7. Australite. 1199; 8. Henbury impact glass.
1 2 3 4 5 6 7 8
S i02 72.01 74.28 73.32 74.11 73.15 73.67 69.79 70.8
T i0 2 0.78 0.78 0.72 0.70 0.64 0.63 0.77 0.83
a i2o 3 15.55 10.16 9.99 11.80 11.23 11.22 13.1 11.6
FeO 5.50 5.60 6.49 4.44 5.70 5.27 5.48 9.35
MgO 1.11 2.93 3.69 2.53 3.75 3.31 2.89 2.25
CaO 0.55 2.36 2.43 2.33 2.10 2.19 3.64 0.70
Na20 1.10 0.97 0.85 1.14 0.98 0.97 1.33 0.87
K20 2.83 2.00 1.74 2.46 2.09 2.24 2.30 3.01
I 99.43 99.04 99.23 99.59 99.73 99.50 99.30 99.4
Table IB. Refractory and volatile trace element data for samples listed in Table 1A. All data by SSMS except for
Cr, V, Sc, Ni, Co and Cu by emission spectrography
1 2 3 4 5 6 7 8
Cs 7.8 2.6 1.9 _ 4.3 5.2 5.7 8.3
T1 0.43 * ♦ — * * * 0.55
Ba 374 527 508 — 320 385 356 390
Pb 26 2.9 2.0 — 6.4 5.9 5.0 20
Th 10.3 5.98 5.58 — 11.1 11.8 13.7 15.5
U 2.97 1.02 0.83 — 1.84 2.04 2.1 3.56
Th/U 3.45 5.87 6.75 — 6.0 5.8 6.6 4.4
Zr 272 351 370 — 210 252 264 312
Hf 6.3 8.66 8.4 — 5.8 5.9 7.1 8.5
Zr/Hf 43 41 44 — 36 43 37 37
Nb 16.8 12.5 10.9 — 16 21 18.7 15.6
Zr/Nb 16 28 34 — 13 12 14 20
Sn 3.1 0.75 0.78 — 1.5 1.2 1.3 4.4
Mo 0.73 0.40 0.23 — 0.4 0.3 0.3 0.7
Bi 0.12 0.04 * — ♦ ♦ * 0.22
W 0.73 0.17 0.13 — 0.32 0.34 0.39 1.3
Cr 92 170 200 145 250 215 145 78
V 117 46 38 63 57 51 83 59
Sc 15 8.8 9.4 10 9.6 8.0 13 11
Ni 40 1200 1370 155 285 310 105 1170
Co 16 73 102 19 43 31 25 67
Cu 36 24 19 12 9.5 9.5 6.5 37
Ni/Co 2.5 16 13.4 8.2 6.6 10.0 1.4 17.4
Cr/Ni 2.3 0.14 0.15 0.94 0.87 0.69 4.2 0.04
— No data available. * Below detection limit.
Table 1C. REE data for the samples listed in Table 1A (Analytical method SSMS)
1 2 3 4 5 6 7 8
La 33.9 19.7 19.7 _ 29.2 35.8 36.9 36.5
Ce 83.6 44.2 44.7 — 63.9 73.2 78.6 72.3
Pr 8.98 4.53 4.59 — 7.50 8.59 9.0 9.0
Nd 34.1 18.7 17.3 — 29.4 31.7 35.0 35.8
Sm 6.95 3.78 3.22 — 5.60 5.70 6.10 7.30
Eu 1.56 0.80 0.68 — 1.07 1.05 1.17 1.37
Gd 6.47 3.46 3.01 — 5.32 5.40 5.34 6.33
Tb 0.97 0.60 0.53 — 0.82 0.73 0.84 1.06
Dy 5.63 3.45 2.99 — 5.05 4.29 5.17 6.03
Ho 1.12 0.67 0.58 — 0.83 0.85 0.97 1.30
Er 3.29 1.89 1.73 — 2.24 2.41 2.90 3.75
Yb 3.40 1.90 1.82 — 2.28 2.35 2.80 2.50
IREE 192.3 105.1 102.2 — 155.2 174.3 187.2 186.8
Y 33.8 17.5 15.4 — 22 24 31 32
Eu/Eu* 0.72 0.68 0.69 — 0.61 0.59 0.64 0.62
La/Yb 10.0 10.8 10.4 — 12.8 15.2 13.2 10.4
LaN/YbN 6.6 6.9 7.1 — 8.5 10.0 8.7 6.9
L/HREE 7.7 7.3 8.0 — 7.9 9.3 8.8 7.0
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Fig. 1. (A) Silica-poor zhamanshinite USNM 5937 Vesicular glass wt. 0.570 g (Table 3, Anal. 1). (B) 
Silica-rich irghizite No. 1-21 wt 0.233 g (Table 1, Anal. 2). (C, D) Two views of silica-rich irghizite No.
3-13, wt 0.207 g (Table 1, Anal. 3).
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Antarctica is in the wrong direction. The Elgygytgyn 
crater in Siberia may be too far to the east. G urov 
a  ul. (1979) reports a K-Ar data of 3.5 ± 0.5 Myr 
for glassy impactites from this crater. If these dates 
are confirmed the Elgygytgyn structure is too old to 
be a source for the Australasian tektites.
The investigation of the suggested crater in Cam­
bodia will have to await the return of peaceful condi­
tions in that area.
An association of impact glass and tektite-like 
forms close to a terrestrial impact crater has been 
reported by Florensky (1975, 1977). This occurrence 
shows some similarities with the siliceous glass forms 
reported by Spencer (1933) from the Wabar Crater, 
Arabia. The glasses at the Zhamanshin structure, 
200 km north of the Aral Sea in Kazakstahn SSR, 
USSR, (49 N, 61CE) consisting of impactites (zhaman- 
shinites) and tektite-like objects (irghizites) are of di­
rect interest because the major element composition 
of the acidic irghizites resembles that of the Australa­
sian tektites (F lorensky, 1975, 1977; E hmann et al., 
1977; Fredriksson et al., 1977). The Zhamanshin 
structure is about 10 km in diameter (Florensky, 
1975, 1977). Various ages have been reported for this 
structure (Florensky, 1975). The most recent age 
reported, (1.07 Myr; corrected fission track age; 
Storzer and W agner, 1977) is close to the generally 
accepted age of the Australasian strewnfield 
(700,000 yr). The above evidence led G lass (1978) to 
suggest that the Zhamanshin crater was the source 
region for the Australasian tektites (australites, 
javanites, billitonites, indochinites, philippinites and 
associated species). Proof or refutation of this concept 
will require thorough investigation of both the Elgy­
gytgyn and Cambodian suggestions. The chemical 
and possible age similarities between the irghizites 
and the Australasian tektites are sufficiently close to 
warrant a detailed investigation. Accordingly, in this 
study we report on a detailed geochemical compari­
son between irghizites (and some zhamanshinites) and 
S.E. Asian tektites of appropriate major element com­
position. Elowever, it should be emphasized that the 
Zhamanshin structure may be too small to be a viable 
source for the Australasian tektites.
SAMPLES AND SAMPLE SELECTION
Three samples of irghizites, and two zhamanshinites 
were supplied by Dr K. Fredriksson from the Smithsonian 
Institution collections, originally provided by Dr P. V. 
Florensky, Geological Institute, Academy of Sciences, 
USSR. Two of the irghizites and one zhamanshinite are 
‘acidic’ (~ 74% Si02) and the other samples are ‘basic’ 
(-55%  SiOz) (Table 1A and 3A). Figure 1 illustrates three 
samples showing the contrast between the impact glass 
(zhamanshinite) and the more highly melted irghizites.
The selection of samples for detailed comparison with 
the irghizites and zhamanshinites was based on various 
criteria. Because most of the analytical data on tektites 
is pre-Apollo, new analyses for many trace elements were 
required. Initial work suggested that the silica-rich irghi­
zites were closest in composition to the Mg-Cr rich tek­
tites. Accordingly, three javanites and one australite with
these characteristics, were selected. Four other australites, 
a philippinite and an indochinite of similar silica content 
to the silica-rich irghizites were chosen to complete a com­
positional and areal survey of the strewnfield. Four of the 
australite samples in fact occur along a NNW (320-330 T) 
trending line across the Australian strewnfield. pointing 
toward Java, Cambodia and to Zhamanshin (Fig. 2). These 
come from the major trend line, extending from Charlotte 
Waters to Port Campbell depicted by McColl and 
Williams (1970). Such chemical trends are consistent with 
the source area criteria noted by Taylor (1969).
The opportunity also was taken to reanalyze a sample 
of Henbury impact glass, and three parent subgreywackes 
from Henbury. These samples provide comparative data 
from a small glass forming event. In this example, both 
source rock and glass are available for comparison. Overall 
compositions are close to tektites, an example of scientific 
serendipity.
Locality and sample details are provided in the Appen­
dix, listed in the order in which the samples appear in 
the data tables. The data base of five samples from Zha­
manshin and fourteen for comparative purposes is con­
sidered adequate. No significant change in the conclusions 
would be anticipated if an order of magnitude more tek­
tites were analyzed. The chief limitation at present is the 
small number of samples from Zhamanshin, and the lack 
of country rock samples available for this study.
ANALYTICAL METHODS AND DATA
Major element analyses were carried out by election 
probe, using the method of Reed and Ware (1974). For 
sample numbers 7. 8, and 11-17 values from the literature 
were used. All nineteen samples were analyzed by spark 
source mass spectrometry, using the method described by 
Taylor and Gorton (1977). This method provided data 
for Cs. TI. Ba. Pb, Th, U, Zr. Hf. Nb, Sn, Mo, Bi, W 
and for Y and 12 REE (omitting only Tm and Lu). Accu­
racy and precision are ±5%. Cr, V, Sc, Ni, Co and Cu 
were analyzed by emission spectroscopy, using the method 
of Taylor et al. (1970). except for two Ni rich irghizite 
samples (2, 3) where nickel was analyzed by electron probe 
and for Cr, V, Ni and Co in HB-1 (Anal. 8, Table 1) which 
were determined by spectrophotometric methods. Insuffi­
cient material was available for zhamanshinite sample 5937 
and for Java tektite 16 to complete analyses for all ele­
ments. In the tables, a dash indicates that no data are 
available, while an asterisk means that the element was 
below the detection limit of the method used.
The analytical information is presented in three sets of 
tables. Data for the silica rich zhamanshinite and irghizites, 
the high Mg-Cr tektites and the Henbury impact glass 
appear in Tables 1A. B and C. The data for the remaining 
tektites and the Henbury sedimentary rocks appear in 
Tables 2A, B and C while the data for the basic irghizite 
and zhamanshinite appear in Tables 3A and B.
GEOCHEMICAL COMPARISONS
In this section, the principal emphasis is on inter­
comparison and matching of glass compositions. Mix­
ing-type calculations are not possible in the absence 
of country rock data. Neither these, nor selective 
volatilization processes, appear especially important, 
and simple matching of the various compositions to 
known terrestrial rock types is usually possible. 
Although selective loss of some very volatile elements 
is observed in some samples the major and refractory 
trace element compositions still appear to reflect 
those of their parental material.
3 3 8 .
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Fig. 2. Location map, showing Australasian tektite strewnfield, relative to the possible Zhamanshin, 
Elgygytgyn and Cambodian source regions. The map projection is centered at 6CN, 104CE (linear 
polar coordinates) so that the great circle from Zhamanshin through Cambodia to Adelaide becomes 
a straight line. This is approximately parallel to the 320-330 T trend line of australite distribution 
described by M cColl and W illiams (1970).
Major elements
There is a general first order similarity among the 
silica-rich samples reported in Tables 1A and 2A. The 
comparison is particularly close for the silica-rich 
irghizites (Anal. 2, 3, Table 1A) and the three tektites 
from Java (Anal. 4, 5, 6, Table 1A). It is not possible 
to separate these five sets of data by any test based 
on major element chemistry. Figure 3 shows the com­
parison between the data indicating the essential iden­
tity in composition. The silica-rich zhamanshinite is 
a little lower in S i02, MgO and CaO and higher 
in A120 3 and K20  than the irghizites. The Henbury 
impact glass is higher in iron, some of which is uncor­
rected meteoritic contamination (as shown by the 
high Ni and Co contents). When this correction is 
applied, the composition becomes close to the Hen­
bury subgreywacke data (Anal. 15-17, Table 2A) 
(Taylor, 1967).
The tektite samples from the Philippines, Thailand
and Australia are lower in MgO, FeO and higher 
in A120 3 and CaO than the irghizites or the javanites. 
However, they show the general family characteristics, 
which are typical of terrestrial subgreywackes (Anal. 
15-17, Table 2A). CaO is the most variable of the 
major elements, being low in the sedimentary 
samples, the Henbury glass (Anal. 8) and the zhaman­
shinite (Anal. 1, Table 1A). Such random variation 
in CaO is typical of terrestrial sedimentary composi­
tions, in which the element typically is present in a 
separate readily leachable carbonate phase. It must 
be considered a fortunate coincidence that the Hen­
bury impact glass (Anal. 8) and the silica-rich impac- 
tite from Zhamanshin (Anal. 1) show a close corre­
spondence, firmly anchoring the compositions among 
those of typical terrestrial sedimentary rocks.
The low-silica samples from Zhamanshin, which 
include both an irghizite and a zhamanshinite 
(Table 3A) show some chemical characteristics of such
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Table 2A. Major element data for the following samples. 9. Philippinitc, 30; 10. Indochinite, 102; 11. Australite, 365; 
12. Australite, 281; 13. Australite, 20; 14. Australite. 266; 15. Henbury subgreywacke, 27; 16. Henbury subgreywacke,
5; 17. Henbury subgreywacke. 3.
9 10 11 12 13 14 15 16 17
S i0 2 71.49 72.70 72.28 73.76 74.03 74.82 75.5 77.4 77.2
T i0 2 0.79 0.78 0.71 0.67 0.72 0.65 0.85 0.72 0.82
a i2o 3 13.37 13.59 11.34 11.40 11.53 11.07 12.1 11.0 10.8
FeO 4.85 4.60 4.46 4.31 4.22 4.22 4.45 4.28 3.71
MgO 2.41 2.14 2.02 1.92 1.82 1.82 2.32 2.14 2.02
CaO 2.98 1.98 4.77 3.99 3.40 3.63 0.11 0.48 0.84
N a ,0 1.21 1.05 1.20 1.23 1.05 1.15 0.67 0.82 1.00
k 20 2.69 2.62 2.22 2.28 2.07 2.22 3.81 2.77 2.94
I 99.71 99.46 99.0 99.6 98.8 99.6 99.8 99.6 99.3
Table 2B. Refractory and volatile element data for the samples listed in Table 2A
9 10 11 12 13 14 15 16 17
Cs 6.7 6.5 5.0 4.4 4.2 5.2 8.6 6.9 7.1
T1 0.08 * * * ♦ * 0.83 0.57 0.58
Ba 390 360 370 320 380 380 320 410 320
Pb 10.5 1.6 6.5 5.6 3.6 6.6 20.6 12.6 15.4
Th 15.6 14.0 15.0 13.5 14.7 12.6 15.1 15.8 13.2
U 3.49 2.07 2.60 2.24 2.02 2.35 3.18 3.46 2.58
Th/U 4.5 6.8 5.8 6.0 7.3 5.3 4.7 4.5 5.1
Zr 280 252 238 285 326 263 242 466 232
Hf 7.95 6.95 7.4 7.2 8.2 6.9 9.7 12.9 7.2
Zr/H f 35 36 32 39 40 38 24 36 32
Nb 18.8 19.6 18 16.6 20.5 17.4 15 16.7 18.4
Zr/Nb 15 13 13 17 16 15 16 28 13
Sn 1.7 0.9 1.0 1.0 1.0 1.1 5.2 4.6 3.7
Mo 0.3 0.3 0.14 * 0.23 0.28 0.70 0.51 *
Bi 0.03 * 0.02 * * 0.05 0.41 0.20 0.22
W 0.54 0.29 0.39 0.35 0.33 0.37 1.1 0.95 0.77
Cr 100 63 70 69 58 61 66 56 43
V 84 63 39 37 63 65 75 65 52
Sc 11.5 10.5 10 9.9 10 8.2 13 11 10
Ni 50 19 31 35 24 27 27 18 19
Co 13.5 11 15 17 14 15 10 11 8
Cu 10 4 7.2 7.7 7.0 5.8 33 18 34
Ni/Co 3.7 1.7 2.1 2.1 1.7 1.8 2.7 2.3 2.4
Cr/Ni 2.0 2.0 2.3 2.0 2.4 2.3 2.4 2.9 2.3
Table 2C. REE data for the samples listed in Table 2A
9 10 11 12 13 14 15 16 17
La 36.2 36.5 37.4 32.3 36.8 35.3 30.1 34.8 31.0
Ce 74.8 73.1 76.3 70.7 80.0 78.5 62.6 73.8 62.8
Pr 8.76 8.80 8.62 7.55 8.98 8.02 7.77 9.39 7.85
Nd 34.5 33.2 33.6 29.6 35.4 32.2 32.5 34.7 29.4
Sm 6.74 6.60 6.20 5.60 6.22 5.51 6.60 7.25 6.16
Eu 1.28 1.22 1.15 0.97 1.13 1.04 1.33 1.36 1.12
Gd 5.92 5.24 5.99 4.48 5.34 5.56 6.01 6.40 5.38
Tb 0.88 0.85 0.81 0.70 0.85 0.76 1.03 1.10 0.87
Dy 5.44 5.58 5.00 4.44 5.19 4.54 6.40 6.35 4.87
Ho 1.12 1.03 1.01 0.91 1.02 0.86 1.34 1.48 1.13
Er 3.32 2.91 2.97 2.48 2.96 2.55 3.74 4.36 3.24
Yb 3.01 2.90 2.76 2.43 2.75 2.43 3.57 3.92 2.79
IR E E 184.4 180.3 184.2 164.3 189.0 179.5 165.2 187.2 158.7
Y 28 29 26 28 30 26 36 40 31
Eu/Eu* 0.63 0.64 0.58 0.60 0.61 0.58 0.65 0.62 0.60
La/Yb 12 13 13.6 13 13 14.6 8.5 8.9 11
Lav/YbN 7.9 8.3 8.9 8.8 8.8 9.6 5.6 5.9 7.3
IL /H R E E 7.8 8.2 8.4 9.0 8.8 9.2 6.0 6.4 7.2
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Tabic 3A. Major element data for the silica-poor samples 
from Zhamanshin: 1. Zhamanshinite USNM 5937; 2. Irg- 
hizitc, 115
18 19
S i02 55.34 53.79
Ti0 2 0.69 0.79
ai2o 3 22.16 20.07
FcO 4.68 7.68
MgO 3.23 2.74
CaO 6.68 8.91
Na20 4.55 3.48
K ,0 1.85 1.42
I 99.08 98.88
Table 3B. Trace element data for the samples listed in Table 3A
18 19 18 19
Cs 3.6 6.6 La 12.4 13.1
T1 0.08 * Ce 28.0 27.7
Ba 470 665 Pr 3.39 3.62
Pb 7.2 10.9 Nd 14.5 15.7
Sm 3.42 3.51
Th 2.10 2.35 Eu 1.12 1.01
IJ 1.37 0.78 Gd 3.23 3.00
Th/U 1.53 3.0 Tb 0.53 0.52
Zr 81 71 Dy 3.26 3.04
Hf 1.76 1.76 Ho 0.62 0.61
Zr/Hf 46 40 Er 1.74 1.68
Yb 1.67 1.51
Nb 2.8 3.2
Zr/Nb 29 22 IREE 74.8 75.9
Y 24 17.5
Sn 0.92 0.75
Mo 0.45 0.37 Eu/Eu* 1.0 0.96
Bi 0.02 0.09 La/Yb 7.4 8.7
W 0.19 0.18 LaN/YbN 4.9 5.7
Cr 22 — IL/HREE 5.3 5.9
V 260 —
Sc 17 —
Ni 12.5 —
Co 19 —
Cu 17 —
Ni/Co 0.66
Cr/Ni 1.8
unweathered sedimentary rocks as tillites (high 
A120 3, CaO, high Na20 /K 20  ratios). They resemble 
basaltic andesites most closely among igneous rocks 
a conclusion reinforced by the trace element data. 
Detailed sampling at Zhamanshin may reveal their 
source.
Although the basic samples from Zhamanshin have 
S i02 contents similar to that of bottle green microtek- 
tites (Glass, 1972), the latter are much higher in MgO 
(~ 20% MgO at comparable silica contents) and have 
vanishingly low Na20  and K20  contents, over an 
order of magnitude lower than the Zhamanshin 
samples. In summary, the major element data can be 
interpreted as indicating, for the acidic irghizites, a 
parental material similar to terrestrial subgreywacke, 
while basaltic andesite is a likely source for the basic 
samples.
Nickel and cobalt
The two silica-rich irghizites show high values for 
these elements (Table IB Anal. 2,3) (first noted by 
Yu. F. Pogrebryak) consistent with meteoritic con­
tamination. The zhamanshinites have low Ni and Co 
values, with no indication of a meteoritic component. 
The tektite data do not in general show an identifi­
able meteoritic component, although Chao et al. 
(1962) identified minute meteoritic spherules in a phi- 
lippinite. The higher nickel contents in the javanites 
(up to 300 ppm) are accompanied by a parallel in­
crease in chromium (Pinson and G riswold, 1969; 
Preuss, 1935). The Ni/Co ratios in the irghizites 
appear meteoritic while the zhamanshinite values are 
terrestrial. Until values for the country rocks from 
Zhamanshin are available, more detailed calculations 
are not warranted.
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J a v a  T e k t l t e s  (16.28 ,2 9 )
Fig. 3. Comparison of major element compositions between the two silica-rich irghizites, and three
tektites from Java. Data from Table 1A.
The high Ni values of the irghizites are undoubt­
edly connected with their closeness of the impact site. 
Similar high values (and Ni/Co ratios) are observed 
in the Henbury impact glass. The abundance levels 
of Ni and Co in the irghizites correspond to about 
8% from a typical chondrite or 1.5% from a typical 
iron meterorite. Neither Pt nor Ir were detected in 
our irghizite samples (detection limit 50ppb). Palme 
et al. (1978) report Ir levels of 0.14 and 0.27 ppb in 
acidic irghizite samples, suggesting ‘a meteoritic com­
ponent'. Higher values of Ir (2.4 ppb) were observed 
in a basic irghizite, although it had very low Ni 
(<30ppm) consistent with our data. Palme et al. 
(1978) suggest that ‘severe fractionation’ of the sidero- 
phile elements may have occurred during the Zha- 
manshin impact. Such effects, producing erratic Ni/Fe 
ratios have been observed for example, in metallic 
spherules at Meteor Crater (Mead et al., 1965).
Volatile and chalcophile trace elements
The irghizites and the Australasian tektites show 
many similarities in the abundances of Cs, Tl, Pb, 
Sn, Mo and Bi. They generally are depleted in com­
parison with the Henbury sediments, the Henbury im­
pact glass and the zhamanshinites. Thus lead, present 
at 20 ppm in the Henbury impact glass, and 26 ppm 
in the silica-rich zhamanshinite, is depleted by factors 
between 5 and 10 both in the silica-rich irghizites, 
and the Australasian tektites. Similar distinctions 
exist for Cs, Tl, Sn, Mo, Bi, W and Cu. Thallium.
for example, is below detection limit (0.02 ppm) in 
the irghizites and all tektites. but is readily detectable 
in the Henbury sediments, Henbury impact glass and 
the silica rich zhamanshinite at abundance levels 
20-50 times higher. The close correspondence 
between the silica-rich zhamanshinite (Anal. 1) and 
the Henbury impact glass (Anal. 8, Table IB) for these 
elements should be noted. Temperatures during the 
production of the Henbury impact glass were not 
high enough to remove Cs. Tl, Pb, Sn, Mo, Bi. W 
or Cu (cf. Anal. 8 and Anal. 15-17). A similar conclu­
sion may be reached with regard to the silica-rich 
zhamanshinite (Anal. 1, Table IB) and probably for 
the basic zhamanshinite (Table 3B, Anal. 1) as well.
Thus we may build up an interlocking set of con­
clusions. The Henbury sediments, Henbury impact 
glass and Zhamanshin impact glass all contain similar 
abundance levels for the volatile and chalcophile ele­
ments. The silica-rich irghizites and the Australasian 
tektites are depleted in these elements to about the 
same levels. Because the abundances of the major ele­
ments and refractory trace elements (next section) are 
similar for all the samples, it can be concluded that 
the volatile and chalcophile elements are depleted by 
the higher temperatures experienced during the pro­
duction of the irghizites and tektites. These element 
losses have only a trivial effect on the abundance 
levels of the major or refractory trace elements. There 
may also be some variation in these elements in the 
source rocks, because there are some other minor dif-
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Terences, unrelated to volatility (e.g. Cr. V. Sc) 
between the silica-rich zhamanshite and the irghizites.
Refractory trace elements
The close correspondence between the silica-rich 
irghizites and the Javan tektites for the elements Ba. 
Th, U. Zr. Hf. Nb. Cr. V. and Sc is shown on Figure 4. 
Ba. Zr and H f are somewhat higher in the irghizites 
and Th and U lower. When the silica-rich zhaman- 
shinite (Anal. 1. Table IB), is included, the compari­
son is closer, so that there is a nearly complete over­
lap in compositions. Although this conclusion is 
based on only three samples from Zhamanshin, our 
data for many of these elements agree closely with 
an average of two silica-rich irghizites given in an 
abstract by Ehm ann  et al. (1977). Except for chro­
mium. the data for the irghizites closely resemble the 
values (Table 2B) for other Australian tektites. All 
these samples show the high (>4) values for the Th/U 
ratio, typical of sedimentary rather than igneous 
rocks. The basic Zhamanshin samples, in contrast, 
have values of 1.53 and 3.0, consistent with derivation 
from a basaltic or basaltic andesite parent. Such an 
origin is supported by their low Ni and Cr content, 
high V /N i and Na/K ratios.
Rare earth elements (REE)
The first significant observation is that all the Aus­
tralasian tektites fall w ithin a very tight grouping on 
a chondrite normalized REE diagram. (Chondritic
normalizing values are from T aylor and G orton, 
1977). This is shown as a stippled zone in Figs 5, 
6 and 7. This similarity reinforces the arguments for 
derivation from a common parent material. The REE 
arc refractory and the patterns are not changed by 
melting.
The second point about the tektite pattern is that 
it is identical with that exhibited by terrestrial sedi­
mentary rocks. This is show'n in Fig. 5 where the 
Post-Archean average shale (PAAS) pattern (N ance 
and T aylor , 1976) is plotted. This lies centrally 
within the tektite field. A similar conclusion was 
reached by T aylor (1966). The data presented in this 
paper are of superior quality, and confirm that state­
ment that the patterns and absolute abundances, are 
the same for tektites and sedimentary rocks (including 
the characteristic Eu depletion). The terrestrial sedi­
mentary rock REE pattern is very uniform and is 
interpreted as formed by thorough mixing during 
sedimentary processes of the diverse patterns 
observed in igneous rocks. It is commonly equated 
with the average upper crustal REE pattern (Taylor , 
1979).
Figure 5 also shows the Henbury impact glass pat­
tern, closely similar to subgreywacke 27 (Anal. 15, 
Table 2B). These are slightly enriched in the heavy 
REE compared to the tektite data. Henbury sub- 
greywacke 3 has identical patterns to the tektite data. 
There is as much internal variation among the three 
Henbury sedimentary samples, which were within 100
FeO •.
N i  ★
1 0 0 0
Bo •
Co ★
p p m
Cu •
Hf  •
•  Th
J a v a  T e k t i t e s  ( 2 8 ,2 9 )
1 00 0
p p m
Fig. 4. Comparison for 23 elements between the silica rich irghizites and two tektites from Java.
Data from Tables 1A and B.
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La C e  Pr Nd S m  Eu Gd Tb D y  Ho Er Tm Yb
Fig. 5. Chondrite-normalized REE diagram showing the field (stippled) occupied by the Australasian 
tektites. Note that the pattern for the Post-Archean Average Sediment (PAAS) (Taylor, 1979) lies 
within this field. Henbury No. 1 is the impact glass, virtually identical with Henbury subgreywacke 
No. 27. Henbury No. 3 is a closely related sedimentary rock. Note the light REE (La-Sm) enrichment, 
relative to chondrites, and the characteristic Eu depletion in all samples.
feet in the pre-impact stratigraphy, as within tektites 
from the whole Australasian strewnfield.
Another significant observation is that the REE 
pattern for microtektites is indistinguishable from tek­
tites (Fig. 6) (Frey, 1977). As noted earlier, the REE 
are refractory and neither readily removed nor redis­
tributed by heating or metamorphic processes (they 
are among the first elements to condense during cool­
ing of gas of solar nebula composition. G rossman 
and Larimer, 1974). Accordingly, the REE data pro­
vide good evidence for a common parental material 
for tektites and microtektites, and insist on a sedimen­
tary rock precursor.
The silica-rich irghizite and zhamanshinite data 
(Anal. 1-3, Table IB) are plotted on Fig. 6. They show 
parallel patterns to the tektite and sedimentary rock 
data. They are clearly derived from a sedimentary 
parent material. The irghizite data lie below the tek­
tite field, and that for the zhamanshinite lies just 
above, virtually identical with the Henbury impact
La C e  Pr Nd S m  Eu Gd Tb Dy  Ho Er Tm Yb
Fig. 6. REE diagram showing the comparison between the tektite data and the silica-rich samples 
from Zhamanshin. The tektite field lies within the range of the Zhamanshin samples. The REE pattern 
for the Australian microtektites (Frey, 1977) is similar to that of the other tektite data. Note the 
negative Eu depletion in all samples and the parallel light REE (La-Sm) enrichment in all samples.
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La C e  Pr Nd S m  Eu Gd Tb D y  Ho Er Tm Yb
Fig. 7. The REE patterns of the silica-poor or basic samples from Zhamanshin. Note the increasing 
enrichment of the light REE and the absence of a significant Eu anomaly. These patterns resemble
those of terrestrial andesites.
glass and subgreywacke 27 (Anal. 15, Table 2B). Thus 
the data set for the high silica samples from Zhaman­
shin brackets the tektite field. This evidence is consis­
tent with sampling of sedimentary rocks of varying 
composition. More detailed sampling would doubt­
less reveal a spectrum of irghizite compositions.
Both the silica-poor samples (one irghizite and one 
zhamanshinite, Table 3B) show distinctive REE pat­
terns (Fig. 7). They do not resemble post-Archean 
sedimentary rock patterns, lacking their distinctive Eu 
depletion. Among terrestrial rocks, they closely 
resemble patterns displayed by calc-alkaline igneous 
rocks, and some oceanic island basalts. This im­
pression is reniforced by the high A120 3 content, high 
Na/K ratios, low Cr and Ni values and high V/Ni 
ratios.
RELATIONSHIP BETWEEN IRGHIZITES 
AND ZHAMANSHINTTES
The data discussed above reveal some distinctions 
between the silica-rich impactites (zhamanshinites) 
and the silica-rich irghizites (tektites). The former 
appear to be typical impact glasses, similar to many 
terrestrial examples in morphology. The sample ana­
lyzed in this paper (Table 1 Anal. 1) bears a strong 
resemblance in composition to Henbury impact glass, 
fused from subgreywacke during the impact of an iron 
meteorite (octahedrite) (Taylor and Kolbe, 1965). 
The Henbury glass has similar abundance levels of 
volatile elements such as Pb and Cs to those in the 
parental subgreywacke. Similar levels observed in the 
zhamanshinite encourage the same interpretation.
In contrast, the irghizites show lower levels of vola­
tile and chalcophile elements, at very similar levels 
to those observed in true tektites. It is tempting to
ascribe the depletion in both cases to higher tempera­
tures experienced during the production of tektite 
glass, compared with meteoritic impactites, which 
commonly contain partially fused material. The zha­
manshinite contains somewhat higher contents of 
refractory elements, consistent with fusion from a 
slightly different parent material. The examples of the 
basic (silica-poor) zhamanshinite and irghizite 
(Table 3) analyzed here do not show these distinc­
tions. An extended investigation of many more 
samples is required to delineate these trends.
RELATIONSHIP BETWEEN IRGHIZITES 
AND TEKTITES
The data discussed above show that there is a close 
similarity between the composition of the acidic 
samples from Zhamanshin, and the group of high 
Mg-Cr tektites from Java. These are linked by chemi­
cal and age relationships with the other tektites from 
the Australasian strewnfield. The composition of all 
the silica-rich samples discussed in this paper 
(Samples 1-14) is consistent with derivation by fusion 
during meteoritic (or cometary) impact, on terrestrial 
sandstones of subgreywacke composition. The spread 
in composition at Zhamanshin is somewhat larger 
than that of the tektites analyzed. Thus the tektite 
compositional data could be interpreted as a selective 
set of the impactite compositions. Such a conclusion 
would appear consistent with our limited understand­
ing of jetting of ejecta from craters during impact 
events (Jones and Sandford, 1977).
K ing and Ardnt (1977) noted that the water con­
tent of irghizites was intermediate between that of 
moldavites, and obsidian. This was the only distinc­
tion which they observed between true tektites and
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irghizites. indicating possibly less severe heating dur­
ing irghizite formation.
It is important to note that the evidence discussed 
in the present paper establishes only the chemical 
similarity of the Zhamanshin samples and the Javan 
tcktites. This indicates that they are derived from 
similar parental material. It should be recalled that 
Henbury impact glass and australites are similar in 
composition but there is no genetic connection. All 
these analogies constitute strong evidence for the ter­
restrial origin of tektites. They also establish the Zha­
manshin structure as a possible source for the Austra­
lasian tektite strewnfield. Further detailed work at 
Zhamanshin on the size of the crater, nature of the 
country rocks, type of the impacting body, mechanics 
of the crater formation and model calculations of 
ejecta trajectories is needed to see whether this struc­
ture remains as a candidate for the source of the Aus­
tralasian strewnfield. A particularly important point 
concerns the size of the crater, and the relative 
volumes of glassy ejecta, in comparison with estimates 
of the volume of the tektites in the Australasian 
strewnfield. Such volume estimates are initially depen­
dent on whether the tektites are distributed in rays 
or as a broad sheet. Observations of impact ejecta 
favour the former mode of distribution, so that the 
volume of tektites may be significantly lower than 
the estimates of G lass et al. (1979).
A final point concerns tektite compositions. In 
addition to the overall similarity to conventional ter­
restrial sedimentary rocks, they are also very similar 
to surficial wind-deposited loess sediments, as noted 
by T aylor (1962). This aspect deserves investigation 
since loess deposits are now present at Zhamanshin 
(F lorensky , 1975, 1977) and could conceivably have 
been present 1 Myr ago.
Acknowledgements—We are grateful to P. V. F lorensky. 
Geological Institute, USSR Academy of Science, and Kurt 
Fredriksson, Smithsonian Institution, Washington DC, 
for samples, to J. Delano, M. Kaye, E. K iss. Pat O swald- 
Sealy, J. M. G. Shelley and N. J. W are for analytical 
assistance and to Carmel N eagle for assistance in the 
preparation of this manuscript. Perceptive reviews from 
Phil Baedecker, Bob D ietz and Elbert K ing have 
materially improved this paper.
REFERENCES
Chao E. C. T., Adler I., Dwornik E. J. and L ittler J. 
(1962) Metallic spherules in tektites from Isabella. 
Philippine Islands. Science 135, 97-98.
D ietz R. S. (1977a) Elgygytgyn Crater, Siberia: Probable 
source of Australasian tektite field (and bediasites from 
Popigai). Meteoritics 12, 145-157.
D ietz R. S. (1977b) Elgygytgyn Crater: Source of Australa­
sian tektites (and bediasites from Popigai). Meteoritics 
12, 205-206.
Ehmann W. D„ Stroube W. B.. Ali M. Z. and Hossain 
T. I. M. (1977) Zhamanshin crater glasses: chemical 
composition and comparison with tektites (abstract). 
Meteoritics 12, 212-214.
F lorensky P. V. (1975) The Zhamanshin meteorite crater 
(The Northern Near-Aral) and its tektites and impac- 
tites. Prob. Aknd. Nauk. Izvestzya 10, 73-86.
F lorensky P. W. (1977) The meteoritic crater Zhamanshin 
(Northern Aral Region USSR) and its tcktites and im- 
pactites. Chem. Erde. 36, 83-95.
Frey F. A. (1977) Microtektites: A chemical comparison 
of bottle-green microtektites, normal microtektites and 
tektites. E.P.S.L. 35. 43-48.
Fredriksson K.. de G asparis A. and Ehmann W. (1977) 
The Zhamanshin structure: chemical and physical 
properties of selected samples (abstract). Meteoritics 12, 
229-231.
G lass B. P. (1972) Bottle green microtektites. J. Geophys. 
Res. 77, 7057-7064.
G lass B. P. (1978) Zhamanshin crater: possible source for 
the Australasian tektites. Preprint.
G lass B. P.. Swinki M. B. and Z wart P. A. (1978) Deep- 
sea microtektites; correlation with other earth events 
and implications concerning the magnitude of tektite 
producing events. Lunar Planet. Sei. X, pp. 434-436. 
Lunar and Planetary Institute, Houston.
G rossman L. and Larimer J. (1974) Early chemical history 
of the solar svstem. Rev. Geophys. Space. Phys. 17, 
71-101.
G urov E. P., Valter A. A.. G urova E. P. and Kotlov- 
skaya F. I. (1979) Elgygytgyn impact crater, Chucotka: 
shock metamorphism of volcanic rocks. Lunar Planet. 
Sei., X , pp. 479-481. Lunar and Planetary Science Insti­
tute, Houston.
H artung J. B. and R ivolo A. R. (1979) A possible source 
in Cambodia for Australasian tektites. Meteoritics 13, 
488-489.
Jones E. M. and Sandford M. T. (1977) Numerical simu­
lation of a very large explosion at the earth’s surface 
with possible application to tektites. Impact and Explo­
sion Cratering (eds D. J. Roddy et al.), pp. 1009-1024. 
Pergamon Press.
K ing E. A. (1977) The origin of tektites: a brief review. 
Am. Scient. 65, 212-218.
K ing E. A. and Arndt J. (1977) Water content of Russian 
tektites. Nature. 269, 48-49.
K olbe P., P inson W. H., Saul J. M. and M iller E. W. 
(1967) Rb-Sr study on country rocks of the Bosumtwi 
crater, Ghana. Geochim. Cosmochim. Acta 31, 869-875.
M cColl D. H. and W illiams G. E. (1970) Australite distri­
bution pattern in southern central Australia. Nature 226, 
154-155.
M ead C. W.. L ittler J. and Chao E. C. T. (1965) Metallic 
spheroids from Meteor Crater, Arizona. Am. Miner. 50, 
667-681.
M ilton D. J. (1965) Structural geology of the larger Hen­
bury craters. U.S. Geol. Survey Astrogeologic Studies Ann 
Prog. Rep. 1965. 26-49.
N ance W. B. and T aylor S. R. (1976) Rare earth element 
patterns and crustal evolution. I Australian post- 
Archean sedimentary rocks. Geochim. Cosmochim. Acta 
40, 1539-1551.
Palme H.. Wolf R. and G rieve R. A. F. (1978) New data 
on meteoritic material at terrestrial impact craters 
(abstract). Lunar Planetary Sei., IX , pp. 856-858. Lunar 
and Planetary Institute, Houston.
P inson W. H. and G riswold T. B. (1969) The relationship 
of nickel and chromium in tektites. J. Geophys. Res. 74, 
6811-6815.
Preuss E. (1935) Spektralanalytische Untersuchung der 
Tektite. Chem. Erde. 9, 365-416.
Reed S. J. B. and W are N. G. (1975) Quantitative electron 
microprobe analysis of silicates using energy-dispersive 
X-ray spectrometry. J■ Petrol. 16, 499-519.
Schmidt R. A. (1962) Australites and Antarctica. Science 
138. 443-444.
Schnetzler C. C., Philpotts J. A. and T homas H. H.
346
1564 S. R. T aylor and S. M. Mc Lennan
(1967) Rare-earth and barium abundances in Ivory 
Coast tektites. Geochim. Cosmochim. Acta 31, 1987 1993.
Spencer L. J. (1933) Meteoritic iron and silica-glass from 
the meteorite craters of Henbury (Central Australia) and 
Wabar (Arabia). Min. Mag. 23,' 387-404.
Storzer D. and W agner G. A. (1977) Fission track dating 
of meteorite impacts (abstract). Mcteoritics 12, 368-369.
T aylor S. R. (1962) The chemical composition of austra- 
lites. Geochim. Cosmochim. Acta 26, 685-722.
T aylor S. R. (1966) Australites. Henbury impact glass and 
sub-greywacke: A comparison of the abundances of 51 
elements. Geochim. Cosmochim. Acta 30, 1121-1136.
T aylor S. R. (1967) Composition of meteorite impact glass 
across the Henbury Strewnfield. Geochim. Cosmochim. 
Acta 31, 961-968.
T aylor S. R. (1968) Criteria for the source of australites. 
Chem. Geol. 4, 451-459.
T aylor S. R. (1973) Tektites: a post-Apollo view. Earth 
Sei. Rev. 9, 101-123.
T aylor S. R. (1975) Lunar Science: A Post-Apollo View, 
pp. 78-83. Pergamon.
T aylor S. R. (1979) Chemical composition and evolu­
tion of the continental crust: The rare earth element 
evidence. The Earth, Its Origin. Structure and Evolu­
tion. (ed M. W. McElhinny), pp. 353-376. Academic 
Press.
Taylor S. R. and G orton M. P. (1977) Geochemical ap­
plication of spark source mass spectrography—111 Ele­
ment sensitivity, precision and accuracy. Geochim. Cos­
mochim. Acta 41, 1375 1380.
T aylor S. R.. Johnson P. H., M artin R.. Bennett D., 
Allen J. and N ance W. (1970) Preliminary chemical 
analyses of Apollo II lunar samples. Proc. Apollo II 
Lunar Sei. Conf. 2, 1627-1635.
Taylor S. R. and Kolbe P. (1965) The geochemistry of 
Henbury impact glass. Geochim. Cosmochim. Acta 29, 
741-754.
Taylor S. R. and Solomon M. (1964) The geochemistry 
of Darwin Glass. Geochim. Cosmochim. Acta 28, 471— 
494.
Viste E. and Anders E. (1962) Cosmic-ray exposure his­
tory of tektites. J. Geophys. Res. 67, 2913-2919.
347 .
Irghizites. zhamanshinites, Australasian tcktites and Henbury impact glasses 1565
APPENDIX SAMPLE DATA
Anal. No. Sample No. Description Source
1 USNM 5932 Zhamanshinite (acidic) Dense glass 
0.696 gm
lian Institution
2 No. 1-21 Irghizite (acidic) 0.233 gm Smithsonian Institution
3 No. 3-13 
(USNM 5938)
Irghizite (acidic) 0.207 gm Smithsonian Institution
4 16 Tektite, (Javanite) Sangiran, 
Central Java 2.414 gm. Coll: 
G. H. R. von Koenigswald
Utrecht Museum
5 28 Tektite (Javanite) Sangiran, 
Central Java
Indonesian Geol. Survey, Bandung
6 29 Tektite (Javanite) Sangiran, 
Central Java, Coll:
G. H. R. von Koenigswald
Utrecht Museum
7 1199 Tektite (Australite core) 11.98gm 
Lake Wilson, Mann Ranges, South 
Australia, 26 06'S 130 05'E. Coll:
J. E. Johnson (Taylor and Sachs, 
1964, Anal. 26)
South Australian Museum
8 HB-1 Impact glass. North Rim of Main Crater 
Henbury, Australia (Taylor and Kolbe, 
1965, Sample No. 1) 24'35'S. 133;09'E
A.N.U.
9 30 Tektite (Philippinite) Anda, Pangasinan 
Luzon, Philippines Col: G. H. R. von 
Koenigswald
Utrecht Museum
10 102 Tektite (Indochinite) Thailand 76.5 gm R. Keraitis
11 365 Tektite (Australite) Lens fragment 12.11 
gm Florieton. South Australia 33°52'S, 
139C25'E, Coll: Penn (Taylor and Sachs, 
1964, Anal. 31)
South Australian Museum
12 281 Tektite (Australite) lens core 26.34 gm 
Charlotte Waters, N.T. 25°55'S, 134°55'E 
Coll: Fenner (Taylor and Sachs, 1964, 
Anal. 33).
South Australian Museum
13 20 Tektite (Australite) oval, 33.01 gm 
W arrnambool, Victoria, 38C33'S, 142°29'E 
(Taylor and Sachs, 1964, Anal. 34).
National Museum, Victoria
14 266 Tektite (Australite) core, 39.02 gm 
location same as No. 12 (Taylor and 
Sachs, 1964, Anal. 35).
South Australian Museum
15 27 Subgreywacke, Henbury Crater, N.T., 
Out-thrown flap in creek bank 100 m at 
110° from north rim, Main Crater (M ilton, 
1965, Unit D) (Taylor and Kolbe, 1967, 
No. 27).
A.N.U.
16 5 Subgreywacke, block in North Wall, Main 
Crater, Henbury (M ilton, 1965, Unit B) 
(Taylor and Kolbe, 1965, Sample A).
A.N.U.
17 3 Subgreywacke, block, east wall. Main 
Crater, Henbury (M ilton, 1965, Unit D) 
(Taylor and Kolbe, 1965, Sample B)
A.N.U.
18 USNM 5937 Zhamanshinite (basic) vesicular glass 
0.570 gm
Smithsonian Institution
19 No. 1-15 Irghizite (basic) 0.097 gm Smithsonian Institution
o.c.A 43/9—K
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D r O’Keefe has raised many interesting questions 
about the origin of tektites. Some of these lie outside 
the scope of our original paper, but we welcome the 
opportunity to discuss them.
In our study (Taylor and M cLennan, 1979) of 
glasses from the Zhamanshin crater, we concluded 
from our data that a meteorite impact (larger than the 
Henbury event) fused at least two varieties of country 
rock, producing both vesicular impact glasses (zha- 
manshinites) and more homogeneous tektite-like 
forms (irghizites). High-silica (~74% Si02) and low- 
silica U  54% Si02) representatives of both types are 
found, a point to which we shall return in concluding 
this discussion. The tektite-like irghizites are similar 
in composition to the impact glasses, except that they 
are depleted in highly volatile elements (e.g. Pb, Cs, 
Bi). We consider that this depletion is due to higher 
temperature experienced during the formation of 
those homogeneous glasses. The smaller event at 
Henbury produced only impactites. These are similar 
in composition to the Zhamanshin impact glasses, 
and to true tektites, except that the latter are also 
depleted in highly volatile elements. The tektite-forms 
(irghizites) from Zhamanshin closely resemble the 
high-Mg tektites from the Australasian strewnfield 
(notably Javanites). These similarities in composition 
with true tektites reinforce our hypothesis that tek­
tites were produced by the fusion of terrestrial sedi­
mentary rocks during meteorite (or cometary) impact. 
Although the Zhamanshin crater is a possible source 
for the Australasian tektites, it is probably too small. 
The chemical similarities do not uniquely identify the 
locality, since potential sedimentary precursors for 
tektites are widespread on the Earth’s surface.
In contrast to this scenario, Dr O’Keefe proposes 
to derive tektites from lunar volcanoes, and considers 
the acidic glasses at Zhamanshin to be derived from 
“lunar obsidian” which made the crater. We will 
address some of the implications of this hypothesis 
later in this discussion. We next address the several 
specific objections raised by Dr O’Keefe, using his 
notation.
Al. He objects to our equating the composition of 
acidic irghizites with zhamanshinites. We drew atten­
tion in our paper (p. 1559, 1562) to the differences in 
the concentrations of very volatile and chalcophile 
elements, and to similar small but significant differ­
ences between tektites and Henbury impact glasses. 
These differences, and those in ferric-ferrous ratios 
and water content, are consistent with the differences 
in the temperatures experienced by the vesicular im­
pact glasses and the more homogeneous tektite-like 
glasses. The differences in the geochemical parameter 
(MgO + Ca0)/(Na20  + K20) which Dr O'Keefe 
stresses, are mostly due to variations in CaO content. 
Many clastic sedimentary rocks show marked and ir­
regular variations in CaO content (as do tektites; 
T aylor, 1962, p. 710), due to the presence of calcite as 
a secondary cementing material. It should be noted 
also that the number of samples analysed is very 
small, and we have certainly not covered all the vari­
ations in composition at Zhamanshin.
A2. Dr O’Keefe suggests that the high Ni and Co 
content of the high-silica or acidic irghizites “may be 
due to contamination by an ultrabasic rock” which 
would also explain the high Cr content. The Ni/Cr 
ratios in these samples are, however, much too high 
(~ 7) to be compatible with such a suggestion.
The Ni/Cr ratios of ultrabasic rocks are about one 
order or magnitude lower, averaging 0.63 (Goles, 
1967). Thus, Cr contents of 1000-2000 ppm should be 
present, if Dr O’Keefe’s suggestion is correct. Values 
of 170-200 ppm are observed. Similar arguments 
apply to Mg/Ni ratios. The two irghizites have Ni 
contents of 1200 and 1370 ppm. MgO contents are 
2.93 and 3.69% respectively. The Mg/Ni ratio of 
typical ultrabasic rocks is about 120. To account for 
1200 ppm Ni by contamination from an ultrabasic 
rock would introduce about 25% MgO rather than 
the observed value of about 3-4%.
A3. Fe/Ni spherules at impact sites are extremely 
variable in Ni content. Thus Mead et al. (1965) found 
that the Ni content of the kamacite phase in spherules 
from Meteor Crater, Arizona, varied from 2 to 24%. 
The parent meteoritic kamacite contains 7% Ni. The 
spherules are considered to have condensed from a 
vapor phase, accounting for the widely variable com­
positions, which cannot accordingly be used to specify 
the Fe/Ni ratio of the parent meteorite (Brett, 1967). 
Mead et al. (1965) noted that “the texture and mineral 
assemblages of the Meteor Crater spheroids are 
nearly identical to those of the Philippine and Indo­
china tektite spherules” which they concluded “must 
also have a similar, i.e. meteoritic, origin" (p. 680).
2153
3 4 9 .
2154 S. R Taylor and S. M. Me Li nnan
Chao et al. (1966) report a similar study on Fe Ni 
spherules from glass from the Aouelloul crater, where 
the impact glass was shown by Cklssy et al. (1972) to 
be derived from the Zli sandstones underlying the 
crater. Their conclusion was based on Rb, Sr and 
s Sr H,’Sr data (obtained by mass spectrometry), and 
K. U and Th data from y-ray spectrometry. O'Kn iff: 
(1976) disputes this conclusion, on the basis of trace 
element data obtained by emission spectrography. 
The discrepancies in Rb and Sr values between the 
two data sets arouse doubts as to the accuracy of the 
latter data. Cressy et al. (1972) conclude after an 
extensive discussion that “The Aouelloul glass is 
much more similar in chemical composition to the Zli 
sandstone than to other possible related materials 
such as tektites, or other impact glasses” (p. 3050). We 
shall return later to the point that country rocks and 
glasses at impact sites show a tendency to resemble 
one another in composition.
A4. The REE patterns observed in tektites and in 
bottle-green microtektites are identical to those of 
sedimentary rocks (Taylor and McLennan 1979 
Figs 5 and 6). This fact constitutes strong evidence for 
a parental terrestrial sedimentary rock, (see also 
G lass and Barlow, 1979, who concluded from a 
mineralogical study that the parent material of tek­
tites was “a well-sorted, silt-size sedimentary 
material”).
The major element chemistry of the bottle green 
microtektites remains enigmatic, not resembling that 
of any common terrestrial or extraterrestrial sample. 
Dr O 'K eefe (1976 p. 144) notes a resemblance 
between the major element chemistry of bottle-green 
microtektites and the silicate portion of the mesosider- 
ite meteorite, Estherville. This interesting similarity 
does not extend to the rare-earth elements. The 
Estherville silicate REE pattern is nearly flat at about 
3 times chondritic levels, with a small negative Eu 
anomaly, (Schmitt et al., 1963), thus differing from 
bottle-green microtektite patterns by an order of mag­
nitude.
The microtektite compositions are sufficiently vari­
able to lead Mason (1979) to query whether they are 
related to tektites. Their composition is characterised 
by high concentrations of refractory elements Mg, Al, 
Ca and low' concentrations of alkali elements in com­
parison to tektites (Glass, 1972, Frey et al., 1970). 
They also possess sedimentary-type REE patterns 
(Frey, 1977; Taylor and M cLennan, 1979 Fig. 6). 
These characteristics indicate to us the bottle green 
microtektites may represent a refractory residue fol­
lowing severe heating of the source material. Some of 
the compositions could represent material condensed 
from a vapor phase. During these extreme conditions, 
few element signatures characteristic of the source 
rock will survive. However, the REE are notably 
refractory and could be expected to preserve the evi­
dence of their parental material. We suggest that such 
complex processes can account for their puzzling 
compositions (Frey, 1977).
In the next section (labelled B), Dr O 'K eefe turns 
his attention from geochemical to physical problems 
associated with tektite formation. We have not 
addressed these problems in our paper since they lie 
outside the reach of our experimental capabilities. It 
is our opinion that science progresses by the formula­
tion of testable hypotheses, with predictive capabili­
ties and by appropriate experimental testing. In this 
section both Dr O 'K lefe and ourselves leave the 
readily testable area of chemical composition for the 
less secure field of the physical conditions during tek­
tite formation. The data required to understand this 
highly energetic event (energies in excess of 1030 ergs 
are commonly specified) must be obtained by con­
siderable extrapolation.
In this section, Dr O’Keefe appears to confuse 
‘physical principles’ with model calculations. The 
perils of such an approach are obvious in the follow­
ing quotation from G ilvarry (1968) in a paper en­
titled “Observational evidence for sedimentary rocks 
on the Moon”. He claimed (p. 330) to have “shown 
that many features of the lunar surface obviously aris­
ing from an erosional mechanism .. .  are understand­
able on the presence of water but are inexplicable on 
the basis of physical conditions otherwise” (our italics). 
We suggest to Dr O 'K eefe that when we properly 
understand the pressure and temperature conditions 
at impact sites, many of his difficulties over physical 
conditions will evaporate.
We now address the specific comments in Section B 
of Dr O 'K eefe’s comments.
Bl. Acidic irghizites are indeed low in water con­
tent. K ing and Arndt (1977) note that they are inter­
mediate between terrestrial obsidians and tektites. 
The values quoted by K ing and Arndt (1977) are: 
Obsidian: 0.156%; Irghizite 0.051%; Tektite 0.0082% 
H20 . Thus the irghizites form an important ‘missing 
link’ in our study of tektite forming processes. The 
water content of tektites, although low (~ 80 ppm) is 
nevertheless at least four orders of magnitude higher 
than the ppb levels found in a few lunar samples. The 
consensus is that even these levels are not indigenous 
to the moon, but represent terrestrial, meteoritic or 
cometary contamination (e.g. Epstein and Taylor 
1974; Taylor and Burton, 1976) although Hag­
gerty (1978) has reopened the debate from obser­
vations of oxyhydrates on a 3 mg Fe-Ni spherule. If 
the water content of tektites is primary, it does not 
support a lunar origin.
Dr O 'K eefe lists the difficulties in degassing tektite 
glass, describing a sequence of three episodes in the 
history of a tektite. We are not persuaded that the 
true sequence of events is as simple as he postulates. 
We agree that extremely short time periods are 
involved, but until experimental data are available, 
the problem does not appear to be easily testable. 
However, natural examples are instructive. Thus 
Fredrikson et al. (1977) noted the essential identity 
in form between glasses formed by meteorite impact 
into basalt at the Lonar crater, India, and those de-
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rived by impact into lunar basalt. (See their Figs 
7 10). The difference between lunar and terrestrial 
conditions appears to have had no effect on the pro­
duction of these glass spheres, teardrops etc. during 
impact.
B2. The problems of the escape of volatile ele­
ments, oxygen from the Fe;0 3 —♦ FeO reduction, and 
argon are similar to those for water vapor noted in 
the preceding section.
B3. The commercial production of glass may well 
provide relevant information, but we recall the wise 
words of James Hutton, who cautioned us, in 1802, 
not to "judge of the great operations of the mineral 
kingdom, from having kindled a fire and looked into 
the bottom of a little crucible”.
Thus it is not clear that information derived from 
observations of terrestrial glass making, can be 
readily extrapolated to events which would have re­
moved not only the crucible, but also the glass factory 
and several hundred cubic kilometers of the sur­
rounding countryside in times of the order of less 
than a minute.
B4. Dr O 'K eefe asserts that it is ‘not reasonable' to 
expect the delicate hollow australites to surive an im­
pact event. But any event which can propel autralites, 
and other tektites, over the distances observed is ‘of 
the utmost violence'.
B5. Although we noted the similarities in compo­
sition between acidic irghizites and Javan tektites, we 
stated (p. 1555) that "the Zhamanshin crater may be 
too small to be a viable source for the Australasian 
tektites”. It is much more likely that the source of the 
field is located in the Indochina region (Taylor, 
1969; Stauffer, 1978).
B6. The size of the crater required to produce the 
Australasian strewn-field is unknown due to the diffi­
culties of extrapolation noted above. The calculations 
in Lin (1966) were based on direct extrapolation from 
the Canyon Diablo (Meteor) crater dimensions. Such 
extrapolations have long been known to be incorrect, 
since they do not account for the observed depth- 
diameter ratios of large craters and ringed basins. A 
similar extrapolation for Mare Imbrium yields a 
depth of 230 km. Recent depth estimates for that 
lunar ringed basin, 1340 km in diameter, range from 
20 km to a maximum of 60 km (since no lunar mantle 
material is observed in the ejecta) (Taylor, 1975). Ad­
ditional uncertainties surround the precise mechanism 
for tektite production at impact craters and their re­
lationship to other ejecta. Some models call for a jet 
of material to be ejected from near the surface at 
impact. The dynamics of such a jet are not easily 
related to the conventional ballistic trajectories of less 
highly shocked ejecta. This whole topic is exceedingly 
model dependent and in its infancy. It seems unwise 
to make categorical assertions due to our very limited 
understanding of the physical principles involved. 
Natural examples are again instructive. We note that 
in one terrestrial example, Darwin glass is found over 
20 km from the parent crater (Fundali and Ford,
1979) so that the terrestrial atmosphere has not 
proved an insuperable barrier for that event.
In the third section (C) of his comments. Dr 
O 'K eefe proposes that the "acidic irghizites may be 
fragments of a block of lunar obsidian, chemically 
similar to the silicic portion of 12013 ejected in the 
eruption of a lunar volcano; the block made the 
crater.” We are grateful to Dr O’Kelfi for giving us 
an opportunity to consider this theory in print. 
Although our paper does not address this question 
directly, he has chosen to w iden the debate by raising 
the question of lunar versus terrestrial origins, just as 
Napoleonic battles frequently developed from an 
affair of outposts. We begin by replying to the indi­
vidual points and then briefly consider the broader 
questions.
Points Cl and C2 do not require comment.
C3. Dr O 'K eefe proposes to launch the tektites 
from a lunar volcano “w'hich should be pow'ered by 
hydrogen”. This useful fuel, which provided some of 
the thrust needed for the Apollo lunar missions is 
probably scarce on the moon, except in the lunar soils 
where it is trapped from the solar wind (e.g. Epstein 
and Taylor 1973). The composition of lunar rocks is 
characterised by a depletion in volatile elements and 
an enrichment in refractory elements. The presence of 
hydrogen in the amounts needed for volcanic activity 
in the moon would be a scientific fact of great signifi­
cance and would reverse most of the present conclu­
sions about the origin and evolution of the inner solar 
system. Kozyrev (1963) reported H2 emission from 
the central peak of Aristarchus, which he ascribed to 
volcanic activity. The central peaks of large impact 
craters on the moon are not volcanoes, but result 
from the impact process, and characterise craters with 
diameters greater than 10-20 km (Pike, 1980). 
Kozyrev’s observation joins a long list of transient 
lunar phenomena, observed using Earth based tele­
scopes, but not from the Apollo missions, and which 
need to be treated with caution (cf. Crater Linne con­
troversy, P ike, 1980 p. 18).
C4. Dr O’K eefe prefers a volcanic to an impact 
origin for tektites since "the requirement for an im­
pacting meteorite of which no fragment is found, is 
eliminated.” Our understanding of the mechanisms of 
meteoritic impact processes is now rather better than 
in the epoch when even the large lunar craters were 
ascribed to the operation of volcanic processes. The 
kinetic energy of a meteorite colliding w'ith a planet at 
a velocity of several kilometers per second is equival­
ent to several times its mass in conventional high 
explosives. The resulting explosion, which is effec­
tively a point source (thus explaining the circularity of 
lunar craters, so puzzling to Victorian scientists) 
usually vaporises the meteorite. (See section A3.) The 
difficulty of finding direct evidence of the impacting 
meteorite, at any but the smallest terrestrial craters is 
well known and this continues to provide comfort to 
those few scientists who appeal to internal (crypto- 
volcanic) explanations for terrestrial impact struc-
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tures. Nevertheless, as noted earlier. C'iiao  et al. (1962. 
1964) identified spherules of meteoritic origin in tek- 
tites.
The presence of shocked mineral inclusions indica­
tive of shock pressures far in excess of 100 kbars 
(Glass and Barlow, 1979) seems particularly difficult 
to ascribe to volcanic pressures but highly supportive 
of an impact origin. The apparent absence of young 
volcanic vents, or of glassy ejecta, of tektite compo­
sition on the lunar surface, comprises a serious prob­
lem for the lunar volcanic model.
C5. Dr O'Keefe appeals to the chemical similarity 
between irghizites and javanites as comprehensible 
from a lunar origin. However, if both are due to 
fusion of sedimentary rocks on the Earth’s surface, 
then the uniformity in composition is readily 
explained. Indeed, the volcanic products on the moon 
are diverse. Scarcely two lunar basalts are similar 
(Papike et al., 1980). Over 20 different types have been 
collected from the very limited sampling. Since these 
basalts are derived by partial melting from the lunar 
interior, from which Dr O'Keefe wishes to derive the 
tektites. their diversity gives little support to his claim 
for uniformity. It is a common error to ascribe unifor­
mity to regions not easily accessible to observation.
The difference in chemical composition between 
lunar basalts, and tektites which he wishes to derive 
likewise from deep within the moon, is too fundamen­
tal to require any treatment in this journal.
Both the introduction to Section C, and in Section 
AT, Dr O'Keefe refers to the composition of lunar 
rock 12013, which he asserts is ‘chemically similar' to 
that of the ‘acidic irghizites’, and by implication that 
of other tektites. This point was investigated by 
Showalter et al. (1971), who concluded that 
“although the abundances of major elements in tektite 
J2 (Javanite) are similar to those of rock 12013, com­
parison of the minor and trace elements shows that 
no fragment of rock 12013 that has been analysed to 
date is chemically similar to tektite glass" and they 
state that “rock 12103 is not related to tektites”. The 
REE patterns are particularly diagnostic and there is 
no glass in 12013 (King et al., 1970). The lack of 
resemblance of tektite compositions to those of lunar 
rocks in general has been amply demonstrated 
(Taylor, 1973). It should perhaps be mentioned at 
this point that the comparisons made between rocks 
and tektites by geochemists are not mere number 
matching. With 92 elements, however, some coinci­
dences must be expected. Likewise, the operation of 
fractional crystallisation in most silicate melts typi­
cally produces high-silica residues, which may, for a 
few elements, resemble tektite compositions. Such 
comparisons rarely survive detailed trace element 
examination. Thus the composition of the lunar 
KREEP component, of which 12013 forms a portion, 
differs in many important parameters (e.g. REE pat­
terns) from that of tektites (Taylor, 1973, 1975).
Finally, the data contained in our paper poses a 
problem of peculiar severity for the lunar hypothesis
advocated by Dr O'Ki eel. The tektite-like forms (irg­
hizites) at Zhamanshin fall into two distinct groups, 
high and low-silica, as noted previously. The impact 
glasses (zhamanshinites) fall likewise into two similar 
compositional groups. The two groups have different 
REE patterns. The high-silica group REE patterns are 
identical to terrestrial sedimentary rocks. The low- 
silica group REE patterns both for impactites and 
zhamanshinites resemble those of terrestrial basaltic 
andesites. It would be an extraordinary coincidence if 
tw'o sets of tektite glasses of different composition 
were ejected less than one million years ago from a 
lunar volcano and arrived at the Earth, formed a 
crater, and created two types of impact glasses of 
similar composition, from the country rock.
We conclude from our data that a meteorite impact 
produced both the impact glass and the tektite-like 
forms at Zhamanshin from two local source rocks. 
We think that William of Ockham would have had 
little hesitation in deciding on the merits of the two 
hypotheses.
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Abstract—The Archean^Yellowknife Supergroup (Slave Structural Province. Canada) is composed of a 
thick sequence of supHcrustal rocks, which differs from most Archean greenstone belts in that it 
contains a large proportion ( -  80"o) of sedimentary rocks. Felsic volcanics of the Banting Formation are 
characterized by HREE depletion without Eu-anomalies. indicating an origin by small degrees of partial 
melting of a mafic source, with minor garnet in the residua. Granitic rocks include synkinematic granites 
[HREE-depleted: low (8 Sr 8t,Sr),]. post-kinematic granites [negative Eu-anomahes. high (8*Sr 86Sr),] 
and granitic gneisses with REE patterns similar to the post-kinematic granites. Sedimentary rocks 
(turbidites) of the Burwash and Walsh Formations have similar chemical compositions and were derived 
from 20no mafic-intermediate volcanics. 55°0 felsic volcanics and 25°0 granitic rocks Jackson Lake 
Formation lithic wackes can be divided into two groups with Group A derived from 50"o mafic- 
intermediate volcanics and 50°,, felsic volcanics and Group B, characterized by HREE depletion, derived 
almost exclusively from felsic volcanics.
REE patterns of Yellowknife sedimentary rocks are similar to other Archean sedimentary REE 
patterns, although they have higher La*,Yb*. These patterns differ significantly from typical post-
Archean sedimentary RJEE patterns, supporting the 
composition than the present day exposed crust.
INTRODUCTION
The Yellowknife Supergroup, comprising supra- 
crustal rocks of the Archean Slave Structural Pro­
vince. differs markedly from most greenstone belt suc­
cessions in having a predominance of sedimentary 
rocks (about 80°o). McG lynn and Henderson (1970) 
and Henderson (1975, 1980) suggested, on the basis 
of regional mapping and detailed sedimentology. that 
there must have been an extensive sialic crust prior to 
the accumulation of the Yellowknife Supergroup. 
Green and Baadsgaard (1971) and Folinsbee ei al. 
(1968) however, on the basis of Rb-Sr and U-Pb 
studies, suggested that there is no evidence for an 
older sialic crust, at least in the Yellowknife area.
In an attempt to define the nature and growth of 
the Archean crust in the Yellowknife area we exam­
ined the geochemistry of the sedimentary rocks and 
possible source rocks.
REGIONAL GEOLOGY
Half of the Slave Province is underlain by the Yellow­
knife Supergroup or metamorphic and granitized equival­
ents. Supracrustal rocks occur in discontinuous northerly 
trending belts, in which the volcanic rocks tend to occur at 
the margins with the more abundant sedimentary rocks 
filling central parts (Fig. 1). The supracrustal rocks are 
highly deformed; volcanics typically form steepb dipping 
monoclinal successions while sediments occur in complex 
isocltnally folded sequences For the most part these rocks 
have been metamorphosed in the lower pressure facies 
series and range from greenschist to upper amphibolite 
grade (Thompson. 1978).
Granitic rocks which underlie the remainder of the pro­
vince consist of approximately equal proportions of (a)
idea that Archean exposed crust had a different
migmatite. mixed gneiss, banded gneiss, granitic gneiss and 
(b) batholiths of massive to slightly gneissic rocks. Most 
contacts with supracrustals appear intrusive, however, 
Stockwell (19331. M cG lynn and H enderson (1970) and 
Baragar and McG lynn (1976) described an unconform- 
able relation betw'een granitic rocks and overlying supra­
crustals at Point Lake, approximately 175-200 miles 
north of Yellowknife. This may be the best unambiguous 
example of preexisting sialic crust.
GEOLOGY AND GEOCHRONOLOGY OF 
THE YELLOWKNIFE AREA
Typically, the Yellowknife Supergroup is metamor­
phosed to amphibolite grade, however, the lower grade of 
metamorphism (greenschist) and excellent exposure have 
made more detailed geological studies feasible in the Yel­
lowknife area. The geological relationships in the area are 
show'n in Fig. 2. Structural complexity (see Henderson, 
1975: D rury. 1977. for details) and the waters of Yellow­
knife Bay make it difficult to define the stratigraphic re­
lationships between some of the formations, however Hen­
derson (1975) suggested the relationships in the legend of 
Fig. 2. The following is a general description of the impor­
tant units (Baragar. 1966: H enderson. 1975).
Volcanics rocks
Kam Formation. The Kam Formation consists of mafic 
to intermediate pillowed and massive flows, with minor 
tuffaceous units, agglomerates and breccias. A thickness of 
12.000 m can be measured, however Henderson (1975) 
suggested it is unlikely that the maximum thickness at any 
single locality was greater than 6700 m. if en echelon struc­
tural features arc taken into account. Metasolcanics of the 
Kam Formation consist almost entirely of metamorphic 
minerals, amphibole and chlorite ( -  50°o) with altered 
plagioclase and epidote (-2O-40°o) (Green and Baads­
gaard, 1971). Calcite and seriate may be of local impor­
tance.
1
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Fig. 1. Map of the southern part of the Slave Structural Province showing the generalized Archean 
geology. Some key granitic bodies are marked (wg. western granodionte: sg. southeast granodionte; pg. 
Prosperous Lake granite) (diagram courtesy of J. B. H enderson).
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Fig. 2. Geological map of the Yellowknife area (see Fig. 1 for location). The contact between the 
Jackson Lake Formation and the Banting Formation is now known to be conformable ( B alR a g a j c  1975). 
Note the difference in the stratigraphic succession across Yellowknife Bay (diagram courtesy of J. B.
H e n d e r s o n ).
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Tabl e  1.  Average  modal  a n a l y s e s  f o r  s a n d s t o n e s  from t h e  J ac k s on  
Lake and Buruash Form ations ( f r o m He n d e r s o n ,  1975)
J a c k s o n  Lake
X
( n - 5 )  
s . d.
Burwash
X
( n - 9 )  
s . d .
Quart z 2 4 . 6 7 . 7 2 4 . 9 4 . 4
P l a g i o c l a s e 4 . 1 6 . 2 1 2 . 6 4 . 3
Rock f r a g me n t s *  
s i l i c i c  v o l c a n i c 2 8 . 0 3 . 1
2 1 . 7
( 3 5 . 7 )
4 . 7
( 1 9 . 6 )
i n t e r m e d i a t e  v o l c a n i c - ( 1 1 . 5 ) ( 8 . 5 )
m a f i c  v o l c a n i c - ( 4 . 7 ) ( 5 . 0 )
P l u t o n i c - ( 6 . 1 ) ( 2 . 9 )
s e d i m e n t a r y - ( 2 7 . 6 ) ( 2 1 . 6 )
o t h e r  o r  u n i d e n t i f i e d 1 . 4 3 . 0 ( 1 5 . 3 ) ( 1 4 . 2 )
Heavy m i n e r a l s 0 . 8 0 . 9 1 . 4 0 . 7
Mat r i x 3 4 . 6 3 . 5 3 7 . 0 3 . 5
Ot h e r + 6 . 4 6 . 2 2 . 5 2 . 5
* For  t h e  Buruash F o r m a t i o n ,  t h e  b r a c k e t e d  v a l u e s  r e p r e s e n t  t he  
r e l a t i v e  p r o p o r t i o n s  o f  t h e  v a r i o u s  rock f r a g m e n t s .
+  I n c l u d e s  c h l o r i t e ,  c h l o r i t o i d ,  b i o t i t e ,  m u s c o v i t e  and c a l c i t e .
Duck Formation. The Duck Formation comprises mainly 
intermediate (to mafic), commonly pillowed and vesicular, 
flows. Minerologically, these rocks are similar to the Kam 
Formation. Total thickness of this unit is unknown as only 
the upper portion appears in the core of an anticline.
Banting Formation. The Banting Formation consists of 
porphyritic dacite flows, felsic agglomerate, pillowed ande­
site and crystal tuff. Quartz and plagioclase are common 
phenocryst phases (G reen and Baadsgaard. 1971; H en­
derson. 1975). Near the top. 60 m of conglomerate are 
found. These consist mainly of cobbles of volcanogenic 
sandstone, which are similar to the Jackson Lake Forma­
tion. and cobbles of shale (H enderson, 1975). The forma­
tion has a maximum thickness of about 1200 m in the west 
but thins to about 750 m in the southeast. Shearing has 
obscured contacts w'ith the Burwash and Walsh Forma­
tions. although they appear conformable (H enderson, 
1975).
Sedimentary rocks
Jackson Lake Formation. The Jackson Lake Formation 
unconformably overlies the Kam Formation with a locally 
developed basal conglomerate overlain by felsic volcanic 
lithic sandstone with minor conglomerate. Restricted to the 
western margin of the basin, the unit has an interlayered 
contact with the overlying Banting Formation (Baragar, 
1975), but its detailed relation to the Burwash Formation is 
unknown. H enderson (1975) interpreted the Jackson Lake 
as a terrestrial braided river deposit which may be a margi­
nal equivalent to deeper-water turbidites of the Burwash 
Formation. Another interpretation is that the Jackson 
Lake is significantly younger than the Burwash Formation 
(H enderson and Bro w n . 1966). The thickness vanes but is 
generally on the order of 300 m. Boulders in the basal 
conglomerate consist mainly of mafic volcanics. however, 
rounded granitic cobbles are ubiquitous in later conglo­
merates. These granitic cobbles attest to the existence of a 
sialic source region, which consisted mainly of trondhje- 
mite (H enderson. 1975).
An average of modal analyses of lithic wackes is given in 
Table 1. Abundant silicic rock fragments, large numbers of 
cobbles of silicic volcanics in thin beds of conglomerates, 
and evidence that some of the quartz was of volcanic ori­
gin. led H enderson (1975) to conclude the source of this 
formation was dominated by silicic volcanics.
Buruash Formation. The Burwash Formation comprises 
4500 m of interbedded greywackes and mudstones, show­
ing the characteristic features ascribed to turbidite depo­
sition. Thin tuffaceous beds and np-up clasts of felsic tuff 
indicate volcanic activity continued throughout the depo­
sition of the Burwash. Greywackes are homogeneous.
massive and contain abundant quartz, rock fragments and 
plagioclase set in a matrix of chlorite, muscovite and fine 
grained quartzo-feldspathic material. A typical modal 
analysis is given in Table 1. Of particular importance is the 
nature of the rock fragments since these provide the best 
information on the source area. Volcanic rock fragments 
are by far the most abundant and mainly consist of silicic 
varieties. Plutonic fragments, typically trondhjemitic-tona- 
litic in nature, are a ubiquitous but minor component.
Walsh Formation. This formation is also a turbidite 
deposit but differs from the Burwash in that it contains 
more mudstone. It appears to have a gradational contact 
with the Banting Formation and. although not clear, the 
contact with the Burwash is felt to be similar. Little sedi- 
mentological data is available and deformation makes 
thickness estimates difficult.
Granitic rocks
Details of the petrography, chemistry and fieid relations 
of granitic rocks in the Yellowknife area have been dis­
cussed by G reen and Baadsgaard (1971). These rocks are 
generally intrusive into the supracrustals although some 
unconformable relations have been described (see above). 
It has been suggested (G reen and Baadsgaard. 1971) that 
the Southeast Granodionte contributed to the Yellowknife 
sedimentary rocks (also see D rury . 1979). The granites 
may be composite diachronous bodies, intrusive into and 
parental to the sedimentary rocks.
Isotopic studies
Details from isotopic studies for the Yellowknife 
area are given in Table 2. G reen et al. (1968) and 
G reen and Baadsgaard (1971) concluded that the 
low (B'Sr 8toSr), of volcanics and synkmematic gra­
nites precluded significant contamination by older 
sialic crust. Crustal involvement or partial melting of 
sedimentary rocks were needed to explain the origin 
of the Prosperous Lake granite (Fig. 1). G reen and 
Baadsgaard (1971) also suggested that diorite 
boulders in the Jackson Lake Formation were derived 
from the southeast granodiorite (Fig. 1). The impli­
cations of this would be that the southeast granodior­
ite has a composite nature (certainly feasible), or the 
Jackson Lake Formation is younger, at least in part, 
than the Burwash Formation.
G reen and Baadsgaard (1971) and Folinsbee et 
al. (1968) concluded that their studies showed no evi-
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T able  2.  Sunmarv o f  i s o t o p i c  s t u d i e s  ( a l l  ages  in  Myr)
“ - ? r  ( 87S r / 86S t ) T 2 0 W ° 6Pb Ref .i s o c h r o n  I
M e ta v o lc a n ic s
( i )  West s i d e  Y e l lo w k n i fe  Bay
( i i )  Z i r c o n s  from p o r p h y r i t i c  d a c i t e  
S v n k in em a t ic  G r a n i t e s
( i )  S o u t h e a s t  G r a n o d i o r i t e  -  whole  rock  
-  m in e r a l
( i i )  W es te rn  G r a n o d i o r i t e  
P o s t - k i n e m a t i c  G r a n i t e s
( i )  P r o s p e r o u s  Lake G r a n i t e - m i n e r a l  
C onglom era tes
( i )  J a c k s o n  Lake Fo rm at ion  d i o r i t e  b o u l d e r  
P o s s i b l e  Basement
( i )  ba sem en t  a t  P o i n t  Lake 
( i i )  b a s e m e n t ( ? )  a t  P o i n t  Lake (w h i t e  z i r c o n s )
( i i i )  b a s e m e n t (? )  a t  P o i n t  Lake (brown z i r c o n s )
( i v )  t o n a l i t e  g n e i s s ,  n o r t h  o f  Y e l lo w k n i fe
(v) p o s s i b l e  basem en t  g n e i s s  
O th e r
( i )  g r a n i t e  b o u l d e r s  i n  Y e l lo w k n i fe  d i a t r e m e  
( z i r c o n s )
( i i )  W es te rn  g r a n o d i o r i t e  -  v o l a t i l i z e d  Pb
whole  rock  i s o c h r o n  -  2675
2625+160 0 . 7022+.0023 - (2)
- - 2650 (1)
2640+37 0 . 7011+.0008 2612 (1)
2590+40 0 . 701+.001 - (1)
2610+50 0 .7 0 3 5 ^ .0 0 2 7 2543 ( 1 , 2 )
2575+25 0 . 712+.002 - (2)
- - 2585 (1)
_ _ 3155 (4)
- - 2600 (4)
- - 2730 (min) (4)
2939+50 0 .7 0 0 + .0 0 1 - (5)
2656+88 0 . 7011+ .0026 - (6)
- - 3030 (3)
(7)
R e f e r e n c e s :  (1)  Green and B aadsgaa rd  ( 1 9 7 1 ) ;  (2)  Green £ t  a J .  (1 9 6 8 ) ;  (3 )  N ik i c  e r  _al. ( 1 9 7 5 ) ;
(4) Krogh and Gibbons ( 1 9 7 8 ) ;  (5) F r i t h  et_ a l .  ( 1 9 7 7 ) ;  (6) Davidson (1 9 7 2 ) ;  (7) Curaming and
Tsong (1975) .
dence for an older sialic crust in the Yellowknife area. 
However, isotopic evidence for older sialic crust 
(3.0-3.1 Gyr) in the Slave Province has been described 
by Frith et al. (1977) and N ikic et al. (1975).
SAMPLES AND ANALYTICAL TECHNIQUES
Samples were selected by Dr J. Henderson and the 
authors to give overall representation of volcanic, sedimen­
tary and possible basement rocks. The limited range 
covered by the mafic-intermediate volcanic samples, com­
pared to previous work (e.g. Baragar. 1966) shows that 
these few samples may not be representative of the specific 
units. Sedimentary samples are almost certainly representa­
tive. however, the extreme chemical variability in the Jack- 
son Lake Formation (see below) suggests that many more 
samples would have to be analysed to reveal the complete 
range.
Major elements were determined by X-ray fluorescence 
(XRF) using the technique of Norrish and Hutton (1969). 
Trace elements (excluding REE) were done on pressed 
powder pellets by XRF. REE were analysed by the thin 
film XRF technique described in Fryer (1977). Analytical 
uncertainty and comparison with BCR-1 for this REE 
technique are given in Fryer and Jenner (1978). For this 
paper, the following notation is used: LREE represents the 
rare earth elements La-Sm: HREE represents the rare 
earth elements Gd-Lu; La* Ybv is the ratio of chrondnte- 
normalised La and Yb; Eu* is the theoretical value of Eu 
for no chondnte-normalised Eu-anomaly. The chondrite 
values are from McLennan and Taylor (1980a).
RESULTS
Volcanic rocks
Results for volcanic rocks of the Kam, and Duck 
and Banting Formation, and summaries of data from 
Baragar and Goodwin (1969) and Condie and Bar- 
agar (1974) are given in Table 3 and Fig 3. Nomen­
clature adopted for the volcanics is based on anhy­
drous S i02 content and follows the arbitrary' div­
isions of Jolly (1975). More specific classification is 
considered unwarranted due to the possibility of post- 
magmatic alteration (Pearce. 1974; MacG eehan, 
1980).
Kam Formation samples include a basaltic andesite 
(YK20) and two andesites (YK32 and 25). although 
the high volatile content in YK20 suggests caution in 
placing any significance on this classification. The 
Kam andesites are not closely comparable with the 
average Yellowknife andesite of Baragar and Good­
win (1969). Differences in Ca and Na are particularly 
noteworthy and. if primary, distinguish these ande­
sites from other andesites in general (cf. Ewart. 1976; 
Whitford et al., 1979). REE patterns in these rocks 
show slight LREE enrichment and variable Eu anom­
alies.
The Duck Formation samples consist of a dacite 
(YK5) and a rhyolite (YK31). The LREE enriched and 
undepleted nature of the HREE suggest comparison 
with undepleted siliceous volcanics (USV) of Condie 
(1976).-however, notable differences exist, such as K, 
Ba and TREE abundances. The relationships between 
Kam and Duck Formations volcanics is unclear. It 
would be difficult to reconcile the differences in chem­
istry (particularly Ca. Zr, REE. Ni) between the Kam 
Formation andesites and Duck Formation dacite to 
fractional crystallization.
Dacitic volcanics of the Banting Formation are dis­
tinctive from the Duck Formation in REE patterns 
(i.e. Lav Ybv ratios of '-20-26 and - 9  respectively). 
Differences are also reflected in the other elements of 
YK4 and 27 (i.e. higher AL K. Ba. Rb and lower Ti. 
Ca. P, Y. Cr and Ni relative to Duck Formation vol­
canics). Sample YK12 is similar to the Duck Forma­
tion volcanics. particularly in its low K content, how­
ever a common origin is precluded by the REE.
I
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♦ UCT
x LCT
*  YK 5v YK25
YK 31
KAM ond DUCK
I ooo r
BANTING
YK 4 
YK 12 
YK 2 7
Fig. 3. Chondrite-normalized REE diagrams for volcanic sample from the Yellowknife area. Upper 
diagram. Kam and Duck Formation volcanics. Also included are the average lower cycle tholeiite (LCT) 
and average upper cycle tholeiite (UCT) of C o n d i e  and B a r  a g a r  (1974). Lower diagram. Felsic volcanics 
samples from the Banting Formation. Note the HREE depleted nature of these samples.
Granitic rocks
Three gneisses (YK13, YK18. YK33) and an in­
clusion in an intrusive granjdiorite were analysed 
(Table 4, Fig. 4). Using LeM aitre's (1976) modifica­
tion for normative feldspars, these rocks correspond 
to granites (YK13, YK18. YK33) and a grandiorite 
(YK9) in the Streckeisen (1975) classification scheme. 
The gneisses are possible basement to the sedimentary 
rocks, however, this is based on their deformed and 
metamorphic nature rather than clear-cut geologic re­
lationships (H enderson, personal communications, 
1977, 1980).
Two of the granite gneisses (YK13. YK33) have 
similar chemistry and REE patterns while sample 
YK18 is distinctive in having lower Si. K. Ba. Zr, Th.
LREE and higher Tl Fe. and V. The xenolith (YK9) 
is distinctive from the gneisses in its REE pattern 
(Fig. 4). The HREE depletion in this sample is similar 
to the svnkinematic granites of this region (Drury. 
1979; Table 4, Fig. 4) and the Banting Formation 
volcanics (Table 3, Fig. 3).
Sedimentary rocks
Burwash and Walsh Formations. Results on the 
two turbidite units are given in Table 5. These 
rocks are characterized by Na20 /K 20  ~~ 1; A120 3/ 
Na20  -  5-7; and Al20 3,T i02H  "  17-27. indicative 
of chemical immaturity (Garrels and Mackenzie, 
1971; Pettuohn. 1975) (typical greywackes have 
Al20 3/Na20  — 10). The Walsh Formation differs
3G1.
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Table  4. Chemical c o m p o s i t io n  o f  g r a n i t i c  rocks  from th e  
Y e l lo w k n i fe  a r e a
X e n o l i t h  in
C r a n i t e  G n e i s s e s  G r a n o d i o r i t e
YK13 YK18 YK33 YK9 1 2
S102 6 8 .9 3 65 .01 69.22 6 4 .9 68.70 70.30
TiO- 0.42 1.05 0 .4 7 0 . 8 .33 0 .1 8
Al? 0 ^ 15 .23 14 .03 15.02 16.5 16.13 15 .76
Fe y 0 * 3 .50 8 .55 3.65 6 . 1 3.42 2 .2 8
MnO 0.05 0 .2 1 0 .0 6 0 .07 0.06 0 .0 4
M&0 1.26 1 .8 0 1 .16 2 .4 0 1.17 1.19
CaO 3.08 4 .3 0 2 .4 8 2 .7 8 2 .63 1 .83
Na20 3.65 3 .56 3 .52 3.62 4.31 4 .1 8
K20 3.79 1.45 3-60 2 .52 3.17 4 .1 4
p : ° 5 0 .1 0 0 .0 6 0 .1 0 0 .2 6 0 .08 0 .1 0
L . O . I . + 0 .1 4 0 .6 4 0 .9 1 1 .39 - -
Ba 759 308 697 _ 761 645
Rb 96 74 172 - 80 213
Sr 216 168 193 - 241 209
Zr 206 92 215 - - -
Kb 12 24 32 - - -
Y 34 32 24 - - -
V 41 85 45 - - -
Cr 24 35 25 - 17 10
Ni 21 31 23 - 9 10
Cu 20 29 17 - - -
Zn 50 92 65 - - -
Ga 21 23 21 - - -
Th - 12 .6 2 . 8 2 4 .3 - 8 31
La 30 7.9 108 56 19 41
Ce 60 20 214 125 32 71
Pr 6 . 7 3 .0 22 14 - -
Nd 25 15 73 55 15 25
Sm 5 .0 4. 7 13 11 3.0 4 . 8
Eu 1 .0 1 .0 1. 7 2 .5 0 .7 8 0 .6 3
Gd 4. 3 5 . 3 8. 8 7. 7 2 .6 -
Tb - - - - 0 .3 3 0 .6 4
Dy 4 .1 5 .5 6 .1 5 .1 - -
Er 2 .2 3 .2 2 .6 2 . 3 - -
Tm - - - - .13 0 .2
Yb 1.9 2 . 3 2 . 6 2 .2 0 .7 0 1.72
YK13 - g r a n i t e ; YK18 - g r a n i t e ; YK 3 3 - g r a n i t e ;  Y~K9 .
g r a n o d i o r i t e ; 1 » a v e r a g e  o f  3 s y n k in e m a t i c  g r a n o d i o r i t e s
from th e  Y e l lo w k n i fe  a r e a  ( D ru r y ,  1 9 7 9 ) ;  2 * a v e rag e  o f  3
p o s t - k i n e m a t i c  g r a n i t e s  from th e  Y e l lo w k n i f e  a r e a  ( D ru r y ,  
1979).
* T o t a l  Fe as Fe20 i
+ M ajo r  e le m en t  a n a l y s e s  r e c a l c u l a t e d  v o l a t i l e - f r e e .
from the Burwash Formation in having marginally 
lower Al20 3/Na20 , Ni, Cr and V. Derivation from 
a mixed source is suggested on an AFM diagram 
(Fig. 5): the sedimentary rocks plot on a linear 
trend between mafic-intermediate volcanics and felsic 
igneous rocks of the area. Such a trend could also be 
accounted for by an origin from igneous rocks of 
intermediate composition. However, the relative lack 
of Yellowknife volcanic and granitic (s.l.) rocks in this 
region of the AFM diagram (Baragar, 1966: D rury', 
1979: this study) suggests such rocks are unlikely to 
be the predominant source. Most aspects of the trace 
element chemistry can also be explained by mixtures 
of mafic and felsic igneous rocks (cf. Tables 3 and 4). 
however, a notable exception is Ni and Cr. These 
elements appear to correlate with MgO content but 
have concentrations, which in some cases approach 
the values of the mafic volcanics (Bajragar and 
G oodw in . 1969).
An important feature of the REE patterns (Fig. 6) is 
the lack of significant negative Eu anomalies. There 
are no differences in REE between the formations 
except that the Walsh Formation may have slightly 
lower IREE. There appears to be inverse relations for 
IREE and La.v/Yb* with A120 3 T i0 2. These trends 
might be explained by increased contribution of mafic 
volcanics.
Jackson Lake Formation. Results on sedimentary 
rocks from the Jackson Lake Formation are given in 
Table 6 and Fig. 7. The geochemistry is extremely 
variable, however, based on REE patterns this forma­
tion is divisible into 2 groups: Group A (YK.11. 
YK.15, YK.17) has average La* Sm* = 2.2 and 
Lav Ybv = 4.7: Group B (YK3. YK.10. YK.24. YK.28) 
has average Lav>'Smv = 3.7 and La* Yb* = 11.5. Dif­
ferences in other major and trace elements are as fol­
lows: Group B is lower m Ti. Al. Rb. Zr, Y. V. Cr. Ga. 
Th and higher in Ca. Flatter REE patterns for Group
3 o 2 .
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Fig. 4. Upper diagram. Chrondrite-normalized REE diagram of granitic gneisses (YK.13. YK18. YK33) 
from the Yellowknife area and post-kinematic granites of the Prosperous Lake Granite (PLG4. PLG5. 
PLG6) (Drury, 1979). Note the negative Eu-anomalies in all samples. Lower diagram. Chondrite- 
normalized REE diagram of the granitic xenolith from a massive granodiorite (YK.9) and synkmematic 
granites of the Western Granodiorites (W'Gl: WG2) and southeast granodiorite (SEG3) (Drury, 1979).
Note the HREE depletion in all samples.
A suggest more mafic input and is consistent with 
lower A1:0 3 TiO: and higher V. Y. and Cr. however,
feba-fagfwr Ti—AtrFcamd lewer Ca and N« in Group
hr dint in \ irimiii -weu-merinu-w^hi* owginaij
and variability in composition suggests alteration 
may have had a significant role. Henderson and 
Schau (personal communication, 1980) suggested that 
•fbe ki'^her , Rio a iAcL Co. arc
Ji 1+ -ho reconcile  k / / t k  -rKi’-S Ay po Eh*>si's.
the higher Ti. Al. Fe and lower Ca and Na^in Group 
A may be due to Archean weathering in he original 
source area. We consider this an unlikely explanation 
for the differences in REE, since most weathering pro­
cesses should not significantly affect REE patterns of 
derived sediments (Nance and Taylor. 1976; 
McLennan et a l 1980). It should also be noted that
k t r i / o l a l ' l e  C<rn-ter \ - f
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T a b le  5 . C h e m ic a l  c o m p o s i t i o n  o f  s e d i m e n t a r y  r o c k s  f ro m  t h e  B u r w a s h  and  W alsh  F o r m a t i o n s
Burw ash F o r m a t i o n * W alsh  F o r m a t i o n *
YK1 YK6 YK7 YK8 YK] 4 YK2 3 A B YK2 YK19 YK22 YK26
S i 0 2 6 5 . 0 6 6 0 . 8 3 6 1 . 0 7 6 8 . 1 2 6 7 . 2 6 6 1 . 7 7 6 6 . 0 7 5 3 . 4 7 6 6 . 0 7 6 5 . 2 9 6 5 . 9 7 6 . 7 5
TiO-i .6 7 .3 5 .72 .6 2 .64 . 71 .6 4 . 9 3 .5 5 .61 .6 8 .4 4
A i : 0 3 1 6 . 2 4 I*.. 77 1 7 .  32 1 3 .  87 1 5 . 6 1 1 7 . 0 9 1 5 . 2 4 2 0 . 5 6 1 5 . 0 5 1 4 . 8 0 1 6 . 0 1 0 . 9 1
F e 20 3 6 . 4 8 8 . 6 0 8 .1 2 5 . 9 9 6 . 0 2 7 . 4 0 5 . 7 2 9 . 1 4 6 . 4 4 6 . 4 9 3 .9 6 3 . 7 8
MnO .0 5 .0 9 .0 6 .0 5 .0 5 .0 7 .0 6 .0 9 .0 7 .0 9 .0 4 .0 3
K«0 2 . 9 0 3 .4 6 3 . 4 3 2 . 5 8 2 . 3 5 3 . 3 0 2 . 7 3 4 . 7 9 2 . 4 8 3 . 1 1 1 . 9 9 1 . 4 7
CaO .52 2 . 2 0 .9 7 . 9 8 .6 4 1 . 2 2 1.  70 1 . 2 4 1 . 8 5 3 . 4 8 3 .1 4 .5 5
Na20 3 . 1 8 3 .0 9 2 . 5 1 2 . 6 2 2 . 8 5 2 . 7 3 3 . 1 0 2 . 1 9 4 . 1 5 1 . 9 9 4 . 0 6 3 .1 2
K-.Ö 1 . 8 7 1 . 2 5 2 . 2 6 1 . 8 9 1 . 7 1 2 . 5 6 1 . 9 1 3 . 5 1 1 . 3 6 2 . 1 7 1 . 4 4 .5 2
PI ° 5 .0 4 .1 3 .0 7 .0 6 - .1 5 .1 2 .1 6 .0 9 .1 2 .0 6 . 0 3
L . O . I  . 3 .0 7 3 . 9 3 3 . 0 8 2 . 2 1 2 . 0 3 2 . 9 9 2 . 9 4 4 . 8 2 1 .6 2 1 . 4 3 1 . 2 4 1 . 9 1
T o t a l 1 0 0 . 1 0 9 9 . 2 0 9 9 . 6 1 9 8 . 9 9 9 9 . 9 6 9 9 . 9 9 1 0 0 . 2 3 1 0 0 . 9 0 9 9 . 7 3 9 9 . 5 8 9 8 . 5 1 9 9 . 5 1
Ba 595 485 689 517 _ 833 _ 418 522 143
Rb 55 43 70 55 - 62 - - 50 79 - 16
S r 120 279 166 213 - 228 - - 357 542 - 111
Zr 119 2 80 121 187 - 134 - - 130 133 - 122
Mb 14 12 8 9 - 13 - - 7 8 - 35
Y 20 26 20 19 - 21 - - 17 17 - 14
V 156 188 183 117 - 167 - - 116 120 - 74
Cr 173 255 179 192 - 179 - - 144 148 - 114
Ni 69 81 69 58 - 77 - - 59 67 - 20
Cu 49 174 54 50 - 46 - - 46 49 - 31
Zn 89 102 89 73 - 87 - - 72 87 - 44
Ca 20 19 23 18 - 22 - - 20 18 - 13
Th 6 . 0 1 9 . 9 bv5 1 4 . 1 - 8 . 8 - - 9 . 6 7 . 8 - 8 . 3
La 21 49 17 27 25 26 18 21 23 24
Ce 50 104 40 57 48 55 41 41 47 45
P r 6 . 5 11 5 . 1 6 . 5 5 . 7 6 . 6 4 . 7 4 . 7 5 . 2 4 . 5
Nd 25 42 20 25 22 27 19 19 20 17
Sm 5 . 1 7 . 8 4 . 4 4 . 7 4 . 2 5 . 4 3 . 9 3 . 7 3 . 8 3 . 1
Eu 1 . 6 2 . 1 1 . 6 1 . 3 1 . 2 1 . 4 1 . 1 1 . 1 1. 3 .9
Gd 4 . 1 6 . 0 3 . 9 3 . 4 3 . 0 4 . 2 3 . 0 2 . 7 3 . 1 2 . 4
Dy 3 . 1 4 . 5 3 . 0 2 . 8 2 . 4 3 . 6 2 . 4 1 . 9 2 . 4 2 . 0
Er 1 . 5 2 . 2 1 . 6 1 . 5 1. 3 1 . 8 1 . 2 1 . 0 1 . 6 1 . 2
Yb 1 . 4 1 . 6 1 . 2 1 . 3 1 . 1 1 . 0 1 . 0 1 . 3 1 . 0
*A11 s a m p l e s  e x c e p t  YK2, A, B a r e  m i x t u r e s  o f  g r e y w a c k e  p l u s  m u d s t o n e .  YK2 » g r e y w a c k e ; A « a v e r a g e  o f  
3 g r e y v a c k e s  ( H e n d e r s o n ,  1 9 7 5 ) ;  B * a v e r a g e  o f  3 m u d s t o n e s  ( H e n d e r s o n ,  1 9 7 5 ) .
+ T o t a l  Fe a s  F e 2 0 3
there is no stratigraphic or geographic explanation for 
the existence of the two groups (Henderson, personal 
communication. 1980).
Four cobbles from conglomerates in the Jack- 
son Lake Formation also have variable chemistry
(Table 6). There are no close analogs to the volcanic 
cobbles among the volcanics we analyzed. Lack of 
HREE depletion suggests they are not correlative 
with the Banting Formation type of silicic volcanic; 
their high Ba. Rb, Sr distinguish them from Kam and
F e O T
Average mafic to 
i n t e rmedi a t e  volcanic
Average fel s ic 
volcanic
Bur was h  and Walsh 
F o r m a t i o n s
Ave r age  s yn t e c t on i c  
g r an i t e  and xenol i t h
Fig. 5. AFM diagram for sedimentary samples of the Burwash and Walsh Formation. Also plotted are 
the average mafic-intermediate Yellowknife volcanic, average feisic Yellowknife volcanic and average 
syntectonic granite and^^ijnolith (Baraga*  and G oodwin . 1969: D rury. 1979; (this study)). Note the 
linear trend of the sedimentary samples between the mafic-intermediate volcanics and feisic igneous
rocks.
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1000 r
♦ VK I
x YK 6
y YK 7
□ YK 8 
© Y KI 4
* YK2 3
© YK 2
k r  K I 9
Z YK 22
♦ YK26
BUR WASH and WALSH
Pr Sm Eu Gd Tb Dy Ho Er Yb
Fig. 6. Chrondite-normalized REE diagram for sedimentary samples from jfhe Burwash and Walsh
Formation. Note the lack of negative Eu-anomalies.
T ab le  6 .  Chemical co m p o s i t io n  o f  l i t h i c  vack es  and c o b b le s  i n  c o n g lo m e ra te s  from th e  J ac k s o n  Lake
F orm at ion
GROUP A GROUP B
Cobbles
V o lc an ic  G r a n i t i c
YK21 YK29 YK16 YK30YK11 YK15 YK17 YK3 YK28 YK10 YK24
S i0 2 6 0 .5 3 67 .9 8 67.02 58 .9 0 58 .77 69 .60 79 .37 6 7 .8 1 84.19 70.54 77.70
T i0 2 1.22 . 78 1 .03 . 34 .39 .36 .39 . 34 .31 .27 .05
A120 3 18.48 14.85 17.34 12 .6 0 9 .81 8.82 9 .5 5 14 .50 9 .1 4 13 .7 3 12.64
F e?0 ,* 14.12 6 .99 9 .89 4 .1 5 8.41 6 .5 0 4 .8 1 2 .5 1 1 .3 3 2 .75 1 .14
MnO .24 .03 .04 .14 .14 .10 .03 .09 .01 .12 .02
MgO 1.0 3 2 .3 8 .47 1 .09 3 .43 3.04 1.25 .89 .33 1 .08 .23
CaO .04 .70 .11 8 .4 8 6 .5 8 3.00 1 .1 7 2 .2 8 .13 1 .88 1.76
Na,0 .12 .50 .23 4 .5 4 1.92 .12 .11 5 .3 8 . 32 6 .0 0 5.80
KiO .52 1.69 .95 .65 .95 - .21 1 .12 1 .3 3 . 39 .52
P20 5 .05 .12 .04 .02 .09 .08 .03 .02 .05 .02 -
L . O . I . 2 .92 3.96 2 .5 3 8 .09 11.29 5.02 2 .2 3 3 .89 2 .3 0 2 .56 1.31
T o t a l 99 .27 99 .98 99 .65 9 9 .0 0 101 .78 96 .64 99 .15 9 8 .8 3 9 9 .4 4 99 .34 101.17
Ba _ 345 172 165 39 3 16 44 523 440 496 226
Rb - 62 37 19 27 3 11 31 50 6 10
Sr - 103 49 119 259 92 61 633 86 232 103
Zr - 248 15 3 105 81 86 87 116 267 115 60
Nb - 17 8 17 10 22 24 4 16 42 17
Y - 21 30 12 13 14 13 13 79 16 24
V - 150 229 37 124 104 107 28 37 34 4
Cr - 219 260 24 96 85 107 18 21 23 12
Ni - 71 65 8 70 61 51 14 29 9 4
Cu - 31 16 17 25 37 26 32 9 19 13
Zn - 93 82 94 55 80 102 193 15 23 10
Ga - 20 19 17 15 14 11 23 13 18 17
Th - 13.9 1 2 .3 7 .4 5 .8 3.1 3 .5 4 .6 17 .2 6 .5 26 .7
L a 14 22 17 13 20 25 12 12 48 9 .2 6 .4
Ce 29 46 32 26 38 48 22 24 90 19 13
Pr 3 .6 5 .8 3. 7 3 .0 3 .9 5 .6 2 .1 2 . 3 9 .1 2 .1 1 .4
Nd 15 21 15 11 17 21 9 .9 11 34 8.5 5 .7
Sm 3.1 4 .4 3 .2 2 . 0 3 .0 4 .0 1 .9 2 . 3 6 .2 2 .1 1.6
Eu 0 .9 1 .4 0 .9 0.  85 0 .9 1.2 0 .6 0 . 8 1 .4 0 . 7 0 .2
Gd 3.1 3.9 2 .6 1 .7 2 .3 2 .9 1 .4 1 - 9 5 .2 1 .8 2 .0
Dy 3.1 3 .7 2 . 7 1 .6 1 .6 1 .9 1 .5 - 6 . 1 1 .2 2 .5
Er 2 .0 1 .9 1 .9 0 . 8 1 .0 0 .8 0 .9 1 .1 4 . 4 0 .9 1 .7
Yb 1 .7 1 . 8 1 .8 0 .5 0 . 4 0 . 3 0 . 7 - 4 .1 0 .6 1 .8
♦ T o t a l  Fe as  Fe20 3
3 6 5 .
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♦ YK I I
x YK I 5
y YK I 7
O YK 3 
« YK 10 
A YK 24
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Fig. 7. Chondrite-normalized REE diagram for sedimentary samples from the Jackson Lake Formation. 
On the basis of REE and other chemical characteristics, this Formation is divisible into two groups. 
Group A (YK. 11. YK15, YK.17) has relatively low Lav Y bv. suggestive of some mafic volcanic material 
in the source. Group B (YK3. YK.10, YK24, YK.28) is characterized by HREE depletion. Note the lack
of negative Eu-anomalies.
Duck Formation volcanics. Similarly, the granitic 
cobbles differ in many aspects from both syn- and 
post-kinematic granites. Their sodic nature and low 
REE contents are particularly enigmatic.
DISCUSSION
Nature of the volcanic rocks
Yellowknife volcanics were described by Baragar 
(1966) as consisting of two cycles of mainly basalt- 
andesite culminating in siliceous volcanics. Within 
this framework, Condie and Baragar (1974) reported 
REE analyses on representative samples (Table 3. 
Fig. 3). The lower cycle was characterized by mafic 
volcanics with flat to slightly LREE enriched and a 
dacite with a negative Eu anomaly and lacking HREE 
depletion. Upper cycle mafic volcanics were LREE 
enriched. Upper cycle andesites were variable, ranging 
from slightly LREE enriched to HREE depleted 
(LaN/Ybv ~ 26). REE patterns in volcanics from the 
KAm and Duck Formations analysed in this study 
confirm slight to moderate LREE enrichment, 
although we are not certain of the relation of our 
samples to the cycles of Baragar.
Recent geologic maps and major element chemistry 
indicate the Banting Formation is equivalent to daci- 
* tic rocks at the top of the upper cycle of Baragar 
(1966). REE patterns in these volcanics differ mark­
edly from those previously described in this area (see
C ondie and Baragar. 1974) and it is clear they are 
not genetically related. Comparisons with the de­
pleted siliceous volcanic group of Condie (1976) and 
similar dacitic rocks from the Prince Albert Group 
(F ryer and Jenner, 1978; see Table 3) suggest the 
Banting dacite originated through 5-10°o partial 
melting of an amphibolite-granulite grade basaltic 
source (amphibole + plagioclase + orthopyroxene + 
garnet) leaving small amounts of garnet in the residue. 
Details of this model (based on trace element model­
ling. particularly of REE) and comparisons with ex­
perimental petrology are fully developed in F ryer 
and Jenner (1978).
Yellowknife volcanics contain many typical features 
of Archean volcanism (cf. Condie. 1976) although re­
lations betw'een certain groups are poorly understood. 
For example, the relationships of basalts to andesites 
is unclear; if Ni contents are representative (Table 3), 
a fractional crystallization relationship is unlikely. 
Undepleted siliceous volcanics (Condie and Bara­
gar. 1966) may be related to the andesites by frac­
tionation or derived by partial melting of siliceous 
granulites (Condie. 1976; F ryer and J enner. 1978). 
Depleted siliceous volcanics (i.e. Banting Formation) 
w'ere almost certainly derived by partial melting of a 
basaltic source The complex nature of the Yellow­
knife volcanics and their altered nature suggest that 
characterization of these volcanics as calc-alkaline 
(Folinsbee et al. 1978; Baragar and G oodw in. 
1969) should be viewed with caution.
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Table  7. R e s u l t s  and com par isons  o f  m ix ing  models  o f  p o s s i b l e  ig neous  s o u rc e  
ro c k s  and Y e l lo w k n i fe  s e d im e n ta r y  rocks
i 2 3 4 5 6 7 8 9
S i0 2 52 .6 68.9 6 7 .8 66 .6 6 5 .4 67 .6 6 0 .6 72.1 6 7 .3
T i 0 2 1 .1 0 .51 0 .45 0 .69 0 .6 1 1.0 0 .81 0 .40 0 .5 7
A i20 3 15.4 16.4 16.2 16.1 16.2 17.5 15.9 11.0 16 .3
Fe?0-* * 12 .4 4 .1 4 .1 6 . 8 5 . 8 10.7 8. 3 6 .5 4 .9
MnO 0 .1 8 0 .15 0 .06 0 .07 0 . 1 3 0 .1 0 0 .1 7 0 .11 0 .1 5
MgO 6 .2 1.5 1 .5 2 .9 2 . 4 1 .3 3 .9 2 .4 2 .0
CaO 9 . 0 2 .8 2 .6 1 .7 4 .0 0 .2 9 5 .9 5 .2 3 .4
Na20 2 .6 3. 7 4 .2 3 .1 3 .6 0 .29 3.2 1 .8 3 .6
k2o 0 .42 2 .0 3 .0 1.9 1 .9 1 .1 1.2 0 .49 1. 8
a i 2o 3/
T i 0 2 14 .0 32.2 36.0 2 3 .3 2 6 .6 17.5 19.6 27 .5 28 .6
Ba 141 356 773 598 417 269 249 168 335
Sr 121 176 245 281 182 79 149 144 171
B a/S r 1 .17 2.02 3 .16 2 .1 3 2 .2 9 3.41 1 .67 1 .17 1 .96
Th <1 13 8 11 9 13 7 5 12
Y 21 13 13 21 15 23 17 14 14
La 10 30 29 26 26 18 20 19 28
Ce 20 60 56 55 51 37 40 36 56
Sm 3.0 4.1 5 .1 4 .9 4 . 1 3 .7 3 .6 3 .0 4 . 0
Eu 0 .9 6 1.1 1 .2 1 .5 1 .1 1 .1 1 .0 0 .9 6 1.1
Yb 2 . 3 0 .9 1 .1 1 .2 1 .2 1 .8 1 .6 0 .5 1 1 .0
La.,/YbK 2 .9 4 '  22 .5 17 .8 14.6 14 .6 6 .7 6 6 .45 25 .2 18.9
La/Th >10 2 .31 3 .63 2 .36 2 .89 1 .3 8  . 2 .86 3.80 2 .3 3
Ni 105 32 9 71 41 71 69 51 39
Cr 152 45 17 186 59 249 99 84 56
1 = av e rag e  m a f i c - i n t e r m e d i a t e  v o l c a n i c  ro c k  (B a r a g a r  and Goodwin, 1969;  Condie  
and B a r a g a r ,  1974; t h i s  s t u d y ) ;  2 * a v e r ag e  f e l s i c  v o l c a n i c  ro ck  ( B a ra g a r  and 
Goodwin, 1969; t h i s  s t u d y ) ;  3 = av e rag e  s y n t e c t o n i c  g r a n i t e  and p o s s i b l e  
basem ent  rock  (YK9) ( D ru r y ,  1979; t h i s  s t u d y ) ;  4 -  a v e rag e  Burvash and Walsh 
F o rm at ions  ( e x c l u d i n g  YK26); 5 « m ix tu r e  o f  20% Column 1 ,  55% Column 2 and 25%
Column 3; 6 ■ a v e r ag e  J ac k s o n  Lake Fo rm at ion  Group A; 7 * m ix tu r e  o f  50%
Column 1 and 50% Column 2 ;  8 « av e rag e  J ac k s o n  Lake Fo rm at ion  Group B; 9 *
m ix tu r e  of 107i Column 1 and 90% Column 2.
• T o t a l  Fe as Fe^O^
Origin of granitic rocks
Based on isotopic (Green et al, 1968; G reen and 
Baadsgaard, 1971) and geochemical (D rury, 1979; 
this study) constraints and other studies of Archean 
granitic rocks (e.g. Arth and Hanson. 1975; Condie 
and Hunter. 1976; Jenner and G orman. 1977; Col- 
lerson and Fryer, 1978; O ’N ions and Pankhurst, 
1978). the origin of granitic rocks in the Yellowknife 
area may be summarized as follows: (a) granitic gneis­
ses—partial melting of intermediate to siliceous 
source, leaving a feldspar and pyroxene residuum; 
(b) postkinematic granites—high (87Sr/8bSr)i suggests 
partial melting of crustal rocks (i.e. sedimentary 
rocks); (c) synkinematic granites—5-15% partial 
melting of a basaltic source leaving garnet and/or 
amphibole as residual phases or reactivation of base­
ment rocks. G reen and Baadsgaard (1971) and 
G reen (personal communication. 1980) argued that 
low (8"Sr/8bSr), and euhedral zircons precluded deri­
vation from pre-existing granitic (sense lato) crust. 
Partial melting of tonalitic rocks could result in low 
(8 Sr/86Sr)| (Peterman, 1979) although fractionation 
of REE. particularly Eu, seems likely in this situation. 
Complete remobilization of compositionally similar 
basement is an unlikely alternative to this suggestion.
The similarity in REE^Ba Rb and Rb/Sr for the Bant­
ing Formation and the syntectonic granites lends sup­
port to an origin by partial melting of a basaltic 
source.
Origin of sedimentary rocks
Because of the relatively simple chemical history of 
the sedimentary rocks and the relatively large data 
base on possible source material, it is possible to 
chemically model the provenance. All of the sedimen­
tary rocks are characterized by lacking negative Eu- 
anomalies (Eu/Eu* = 0.9-1.4). Accordingly, in choos­
ing possible source compositions, it was concluded 
that lithologies with significant negative Eu-anomalies 
could not have been important as source rocks. There 
are no know-n lithologies characterized by significant 
positive Eu-anomalies which could balance those with 
negative anomalies. Source rocks have been divided 
into three components and averages calculated for 
them (Table 7);
1. mafic to intermediate volcanics (Table 7, column 
1). including averages of mafic and intermediate vol­
canics weighted to their known volume proportion 
(Baragar and Goodwin, 1969).
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2. felsic volcanics (Table 7. column 2), including 
averages of felsic rocks from the Banting Formation 
iBaragar and G oodwin. 1969). It is unlikely that the 
Banting Formation itself could have contributed to 
the Burwash Formation since it overlies it (Fig. 2). 
however, it is assumed these rocks are typical of the 
felsic volcanics in the region. This assumption is not 
unreasonable since the Walsh Formation (which does 
overlie the Banting Formation) is compositionally 
similar to the Burwash Formation. Dacitic rocks of 
Condle and Baragar (1974) have not been included 
since they have large negative Eu-anomalies (see 
above).
3. plutonic rocks of granitic character (Table 7, 
column 3), including samples without significant 
negative Eu-anomalies for the reasons discussed 
above. Included are syn-kinematic granitic rocks of 
D rury (1979) which he considered as likely candi­
dates for source rocks.
Sedimentary rock fragments were not considered 
even though their abundance is significant in the Bur­
wash Formation (>20°o of the rock fragments). Such 
fragments are thought to be intraforrnational in origin 
(Henderson. 1975) and we assume their chemistry is 
close enough to the bulk rock to have little effect.
Major element averages were calculated volatile- 
free and normalized to 100“ 0 to facilitate comparison. 
Trace element abundances were adjusted accordingly. 
Estimates for volcanic rocks were taken from a large 
number of samples (mafic-intermediate: >70 major 
and trace analyses. 11 REE analyses; felsic: >12 
major and trace analyses. 3 REE analyses) and should 
be fairly representative, however, the values for the 
plutonic component are probably considerably less 
certain (4 analyses).
Burwash and Walsh Formations. Based on two REE 
patterns of metaturbidites (Burw'ash or Walsh equiv­
alents). D rury (1979) suggested these rocks were de­
rived from unroofed portions of synkinematic plutons 
(which have similar REE patterns) or older rocks with 
similar composition. Synkinematic granite plutons, as 
a major source for the sedimentary rocks, is untenable 
solely on the grounds of petrography (Henderson, 
1975: see Table 1). The chemical composition is best 
modelled by a composite source (see below).
Since these rocks are turbidites and are mineralogi- 
cally and chemically immature (low Al20 3/Na20), 
there was probably minimum amounts of weathering 
involved in their erosion and deposition. The most 
important diagenetic phenomenon was the formation 
of the matrix in the grevwackes, which appears to be 
mainly secondary in origin (Henderson, 1975). The 
chemical compositions of the Burwash and Walsh 
Formations are similar, their contact is gradational 
and accordingly, these units are considered together. 
The average Burwash-Walsh composition was deter­
mined from data obtained in this study (Table 5), with 
one relatively siliceous sample (YK.26) being excluded. 
Henderson (1975) reported major element analyses of
separate grevwackes and mudstones (our samples are 
mixtures) from the Burwash Formation (see Table 5). 
Our average major element composition corresponds 
to about 85°o greywacke and 15% mudstone which 
are about the proportions seen in typical stratigraphic 
sections (see Table 2 and Fig. 8 in Henderson. 1975). 
Thus some confidence can be placed in this average 
being representative of the sequence.
Table 7 (columns 4 and 5) and Fig. 8 compares the 
most reasonable mixing compositions to the actual 
composition of the Burwash and Walsh Formations. 
The comparison is good except for CaO. MnO, Ni 
and Cr (discussed below ) and correspond to a prove­
nance consisting of 20° 0 mafic to intermediate voica- 
nics, 55°0 felsic volcanics and 25% granitic rocks. The 
value of 20% mafic volcanics is well constrained by 
Lay Yb* and La/Th ratios. Up to 25% would be ac­
ceptable (improving Fe20 3, Al20 3T i0 2) although 
S i02. Y and REE would be in poorer agreement. Cal­
culations are not sensitive to the ratio of felsic volca­
nics to plutonics. A minimum contribution from gra­
nitic sources is constrained to about 10% by petrogra­
phy (Henderson. 1975); Table 1). Greater than 35% is 
unacceptable, resulting in poor estimates of A120 3, 
T i0 2, Al20 3,T i0 2, La. Th. Ba and Sr. A conservative 
estimate of the error in the plutonic contribution, on 
geochemical grounds, is about 10% absolute (i.e. 
15-35%).
The average source suggested by the rock fragment 
petrography is 30. 60 and 10% of Components 1 . 2 
and 3 respectively (Henderson, 1975). What appears 
to be a poor comparison between chemistry and 
petrography is in some ways misleading. The mafic to 
intermediate volcanic component of the rock frag­
ment data is dominated by intermediate fragments 
with the ratio of intermediate to mafic fragments 
being generally > 2  (see Table 1) (Henderson, 1975). 
On the other hand, the mafic to intermediate volcanic 
component of our mixing calculations is dominated 
by the mafic component with basalts contributing 
>75% towards the average. These differences suggest 
the mafic-intermediate volcanic estimate is com­
patible with the petrography and. if anything, the 
petrographic studies may underestimate the contribu­
tion of mafic material. Although our calculations are 
not highly sensitive to the ratio of felsic volcanics to 
plutonics. we feel our higher estimate of the plutonic 
contribution is justified since felsic volcanic fragments 
would be identifiable to a much smaller grain size (i.e. 
plutonic material breaks into individual mineral 
grains at a larger grain size).
As noted previously, comparison of the model cal­
culation and the measured compositions is good 
except the model overestimates Ca, Mn and under­
estimates Ni and Cr (Fig. 8). High MnO in the model 
is enigmatic although some degree of analytical 
uncertainty could be invoked for low' levels (<0.1%). 
Condie (1967) observed low CaO in Archean grev- 
wackes from Wyoming and suggested exchange of 
Na* for Ca2* during seawater alteration of plagio-
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BURWASH-WALSH AVERAGE
Fig. 8. Comparison of the average Burwash-Walsh Formation and a mode! composition derived from 
20°o mafic-intermediate volcanics. 55u„ felsic volcanics and 25°n granitic rocks. The heavy diagonal line 
represents equal composition and the light diagonal lines represent 20“ „ deviations from equal compo­
sition. The horizontal error bars represent 95°,, confidence limits on the Burwash-Walsh Formation 
averages. Note the good comparison except that the model tends to overestimate CaO and MnO and
underestimate Ni and Cr.
clase. however, we do not recognize the high Na20  
expected from such a process (Condie. 1967). An 
alternative explanation is loss of CaO from the break­
down of pyroxene and amphiboles during diagenesis. 
Chlorite-muscovite rich (i.e. low Ca) matrix com­
prizes about 40°0 of the greywackes (Table 1) and this 
material was probably formed almost entirely from 
the diagenetic breakdown of rock fragments (H ender­
son, 1975).
High N i and Cr have been noted in Archean sedi­
mentary rocks by several authors (D anchin. 1967; 
Condie. 1967; Condie et a i. 1970) and attributed to 
an ultramafic component (D anchin, 1967; Condie et 
al., 1970). About 3°0 of typical Archean ultramafic 
(30°o MgO. 1500 ppm N i 3000 ppm Cr) is needed to 
explain excess Ni and Cr in the Burwash-Walsh For­
mation. This would also introduce about 1°0 MgO, 
which could be accommodated in the modelling (cf. 
Table 7, Fig. 8). We find this explanation somewhat 
ad hoc since ultramafic rocks have not been identified 
in the Yellowknife area (BaraGar. 1966). Moreover, 
there is no evidence of ultramafics in comglomerate 
or greywacke petrography (H enderson. 1975k 
although one could argue such lithologies would be 
the first to degrade during sedimentation and dia­
genesis.
Jackson Lake Formation. The texturally more 
mature Jackson Lake lithic sandstones have a more 
variable chemistry than the Burwash and Walsh For­
mations. This leaves mixing models considerably less
well founded in determining provenance. The task is 
further complicated by possible weathering effects (see 
above). For our calculations, we have not relied on 
actual abundances but have assumed that certain 
ratios (i.e. A l20 3/T i0 2: Lay/Y bN) were left relatively 
intact during sedimentary processes. Our calculations 
do not consider a plutonic provenance since plutonic 
rock fragments are extremely rare. The lack of sensi­
tivity in discerning felsic volcanics from granitic rocks 
in our models indicates that a substantial (up to 
about 10°o) amount of granite could be present in 
place of felsic volcanics. without detection.
The REE patterns of the Jackson Lake Forma­
tion—Group A indicate a major component of mafic 
volcanics in the source. This is also suggested by high 
T i0 2 and low A120 3;T i0 2. Comparison of the aver­
age composition of Group A to our best model com­
position is given in Table 7 (columns 6 and 7). The 
model corresponds to 50°o mafic to intermediate vol­
canics and 50° 0 felsic volcanics. The comparison for 
A l20 3/T i0 2 and the REE is quite good, however. 
MgO. CaO. Na: 0 . Sr are far too high and SiO: , Th 
are far too low in the model calculation. The extreme 
differences in CaO, Na20  and Sr are almost certainly 
due to secondary processes such as weathering and 
diagenesis. Decreasing the mafic component in the 
model calculations to 40° 0 to bring S i0 2. MgO and 
Th more into line with the actual averages results in 
unacceptable REE and A l20 3T i0 2.
The Jackson Lake Formation—Group B is more
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typical of the Jackson Lake Formation, based on 
petrographical evidence (Henderson. 1975). REE 
abundances can be modelled solely from felsic volca- 
nics. however, we consider a contribution of 10°o 
mafic-intermediate volcanics (Table 7. columns 8 and 
9) appropriate to explain the low Al; Oj TiCri.
Implications of geochemical studies on tectonic models
There are two contradictory tectonic models for the 
development of the Yellowknife crustal segment. 
Folinsbee et al. (1968) and G reen and Baadsgaard 
(1971) proposed that there was no extensive sialic 
basement and that basaltic-andesitic volcanics 
erupted on oceanic floor at the commencement of tec- 
tonism. In this model, any 'granitic' component in 
sedimentary rocks would be derived from uprising 
marginal plutons. Henderson (1975. 1980) argued 
against this giving weight to regional geology and 
sedimentology. Henderson's model (1980) requires 
extensive block faulted granitic basement with mafic 
volcanism occurring along basin forming boundary 
faults and not extending far into the basin. Felsic vol­
canism was initiated by the same mechanism that 
resulted in the original faulting and eruptive centres 
occured within and outside the basin. Sedimentary 
rocks were derived from uplifted marginal basement 
blocks and felsic volcanic centres. Henderson (1975, 
1980) argued that abundant sedimentary quartz and 
feldspar grains commonly <2 mm suggested a signifi­
cant granitic component in the source terrain.
The average Eu.Eu* of Yellowknife sedimentary 
rocks (1.05 ± 0.06 at 95% confidence level) and lack 
of lithologies characterized by positive Eu-anomalies 
preclude contribution to the sediments of more than 
5-10% from lithologies with significant negative Eu- 
anomalies (Eu-Eu* <0.7). This eliminates an exposed 
pre-existing crust w'ilh characteristics similar to those 
of the granitic gneisses. Geochemical modelling of the 
sedimentary rocks demonstrated that pre-existing gra­
nitic crust would have to be geochemically similar to 
the syntectonic granites. Thus, on the basis of geo­
chemistry. there is no unequivocal test for a pre-exist­
ing granitic crust of this composition. It is unclear, 
however, how the model of Henderson (1980) can 
explain the origin of depleted siliceous volcanics (e.g. 
Banting Formation), as outlined above. Such rocks 
w'ould have to be extensive to explain the large 
volume of sedimentary rocks. The chemistry of the 
volcanics. sedimentary rocks and syntectonic granites 
can be reconciled by tectonic models invoking gravi- 
tative subsidence with subsequent partial melting (cf. 
Gorman et al.. 1978; G reen and Baadsgaard. 1971).
Comparison with other Archean sedimentary rocks
It is established that REE patterns of Archean sedi­
mentary rocks differ from post-Archean sedimentary 
rocks and that both probably reflect the REE patterns 
of the exposed crust (see recent review's of Taylor. 
1979; T aylor and McLennan. 1980a.b.c). Studies of 
Lower Proterozoic successions (McLennan et al..
1979; McLennan and Taylor. 1980b) indicate differ­
ences in REE patterns can be related to changes in 
composition of the exposed crust at the Archean-Pro- 
terozoic boundary. The interpretation suggested an 
essentially episodic change in composition at the end 
of the Archean. related to intrusion of K-rich granitic 
rocks into the upper crust (McLennan et al.. 1979; 
M cLennan and T aylor. 1980b).
Figure 9 compares REE patterns for Yellowknife 
sedimentary rock^atterns for Australian Archean 
sedimentary rocks (N ance and T aylor. 1977; Bav- 
rNGTON and Taylor. 1980). An extimate of average 
post-Archean sedimentary rock (PAAS) of N ance and 
T aylor (1976) is also indicated. The Yellowknife and 
Australian data compare favourably, although the 
Yellowknife rocks tend to have higher Lav Ybv. All 
Archean data have lower IREE and lack negative 
Eu-anomalies in comparison to PAAS (Australian 
Archean samples also have lower La.v/Ybv).
T aylor and M cLennan (1980a) appealed to a two 
component system of mafic volcanics and Na-rich 
granitic rocks in modelling sources of Archean sedi­
mentary REE patterns. They did not consider the role 
of felsic volcanics and noted that such rocks only 
comprised about 10°o of typical greenstone beits. At 
Yellowknife, the felsic volcanics are important in the 
origin of sedimentary rocks. Also, mixing calculations 
are insensitive to the ratio of HREE-depleted felsic 
volcanics to Na-rich granitic rocks (see above).
Are the Yellow'knife data anomalous'.’ Archean sedi­
mentology studies are not abundant but petrography 
indicates a highly variable role of felsic volcanics in 
Archean sedimentary rocks (Pettuohn. 1943; 
Donaldson and Jackson. 1965; Condie, 1967; Con- 
die et al.. 1970; Walker and Pettuohn. 1971; for 
example). Excluding Yellowknife, an upper limit on 
felsic volcanics of about 30°o. is indicated by petro­
graphy. The main reason why mixing calculations, for 
the Yellowknife sedimentary rocks, are insensitive to 
the ratio of felsic volcanic rocks to Na-rich granites is 
the lack of negative Eu-anomalies and high La.v Ybv. 
In fact. Archean felsic volcanics with significant nega­
tive Eu-anomalies and low'er Lav Ybv appear just as 
common as those with steep REE patterns and no 
Eu-anomaly (Condie and Baragar, 1974; Taylor 
and Hallberg. 1977; Fryer and Jenner. 1978. for 
example). As pointed out above, rocks with large 
negative Eu-anomalies cannot play a significant role 
in the origin of Archean sedimentary rocks without 
being detected. In summary, although felsic volcanics 
can be locally very importanu it is unclear if they play 
a major role as a source for Archean sedimentary 
rocks, in general.
CONCLUSIONS
(1) The volcanic succession at Yellowknife contains 
a variety of lithologies, many with compositions com­
parable to those found in other Archean terrains.
(2) Granitic gneisses, thought to be representative 
basemenL are unlikely to have contributed more than
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Fig. 9. Comparison of chrondrite-normalized REE fields of sedimentary rocks from the Yellowknife 
area and Archean sedimentary rocks from Australia (Nance and Taylor. 1977; Bavinton and T aylor. 
1980). The Yellowknife samples tend to have higher Lav 'Ybv consistent with the high proportion of 
felsic volcanics in the source region. There is a distinct difference between REE patterns (particularly 
Eu.TEu*) of the Archean and an estimate of the average post-Archean sedimentary rock of Australia 
(PAAS; N ance and T aylor. 1976). This supports the idea that there is a distinct difference in the 
composition of the Archean and post-Archean exposed crusts.
5-10°o to the sedimentary rocks because of their sig­
nificant Eu anomalies.
(3) The Burwash and Walsh Formations are chemi­
cally immature turbidites. Geochemical modelling 
indicates derivation from 20°o mafic-intermediate 
volcanics, 55° 0 felsic volcanics and 25° 0 granitic rocks. 
Model compositions underestimate Ni. Cr and over 
estimate CaO and MnO. A small ultramafic com­
ponent (3°0) can explain high Ni and Cr but scarcity 
of such lithologies leaves this interpretation somewhat 
ad hoc. Petrography of the sedimentary rocks indi­
cates exposure of Na-rich (HREE depleted) granitic 
rocks during deposition but it is not clear if these 
were syntectonic granites or older chemically similar 
granitic crust.
(4) The Jackson Lake Formation is divisible into 
two groups on the basis of chemistry. The source of 
Group A can be modelled from 50° 0 mafic-interme­
diate volcanics and 50°o felsic volcanics. Group B was 
derived almost exclusively from felsic volcanics.
(5) REE patterns in the sedimentary rocks compare 
favourably with other Archean sedimentary REE pat­
terns and lend support to the proposal that Archean 
crust was of different composition than present-day 
upper continental crust.
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Abstract—The Huronian sequence (Lower Proterozoic), north of Lake Huron, contains tillites and 
abundant fine-grained sedimentary rocks. Analyses of rare earth elements (REE) in the matrix of tillite 
samples from the Gowganda Formation ( -  2.3 Ga) is considered to be a reasonable estimate of upper 
crustal REE abundances for the region north of Lake Huron at the time of Gowganda deposition. 
The average is characterized by a moderately steep pattern (LLREE/1HREE = 9.1) and a slight nega­
tive europium anomaly (Eu/Eu* = 0.89). This pattern is similar to estimates of the composition of 
the surface of the Canadian Shield and is intermediate between estimates of typical Archean and 
post-Archean sedimentary rocks. REE patterns for framework granitoid clasts from the tillite suggest 
that K-rich granites, which were apparently unimportant in the formation of Archean sedimentary 
rocks, were abundant in the source regions of the Gowganda Formation. This may explain the inter­
mediate nature of the Gowganda pattern.
Comparison of the tillites and associated Gowganda mudstones suggests that previous estimates 
of upper crustal REE abundances, which w-ere based on the analyses of fine-grained sedimentary rocks, 
may be systematically high. Relative distributions, however, are the same.
Analyses of mudstones from the McKim, Pecors, Serpent, Gowganda, Lorrain and Gordon Lake 
Formations suggest rapid evolution in the composition of the exposed upper crust at the close of 
the Kenoran orogeny. REE patterns at the base of the Huronian are similar to typical Archean sedimen­
tary rocks. REE characteristics change up section; patterns at the top resemble typical post-Archean 
sedimentary rocks.
It is inferred that an essentially episodic change from an early exposed upper crust dominated 
by a tonalite-greenstone suite to one approximating granodioritic composition is recorded in Huronian 
sedimentary rocks. A deviation from the evolutionary trend of the Huronian, documented in the Gow­
ganda Formation, may be related to the glacial origin of the Gowganda.
INTRODUCTION
Rare earth element (REE) abundance in the con­
tinental crust has recently received much attention. 
It is generally accepted that the REE distribution in 
clastic sedimentary rocks (especially the finest-grained 
ones) is the best estimate of their distribution in the 
exposed upper crust (Taylor, 1964, 1977; Haskin et 
al, 1966; Schnetzler and Philpotts, 1967; W ilde- 
man and Condie, 1973; W ildeman and Haskin, 1973; 
Jak£s and Taylor, 1974; Nance and Taylor, 1976, 
1977). The only other method used to estimate upper 
continental crustal abundances of REE is direct sam­
pling in shield areas (Ronov et al., 1974; Shaw et 
al, 1976).
Goldschmidt (1954) demonstrated the efficiency of 
using glacial material (he, in fact, used glacial loam 
deposits) in making estimates of the chemical compo­
sition of provenance regions. Since glacial processes 
involve minimal chemical activity (so prominent in
t  Present address: Research School of Earth Sciences, 
The Australian National University, Canberra A.C.T. Aus­
tralia.
J Present address: Department of Geology, Memorial 
University, St. John’s, Nfld., Canada.
weathering) and homogenize material transported, 
glacially derived sedimentary rocks should provide a 
reasonably representative sample of original source 
rock. The Huronian Gowganda Formation appears 
to be suitable for making such an estimate of upper 
crustal REE abundances north of Lake Huron at the 
close of the Kenoran orogeny (<2.7Gyr). The Gow­
ganda Formation includes tillites and glacially- 
derived mudstones which were deposited at about 
2.3 Gyr (Fairbairn et al., 1969). Its original extent 
was probably greater than 50,000 km2 since it may 
have originated as part of a continental glaciation 
(Young, 1970).
The question of uniformity of REE distribution in 
the continental crust with time is of particular inter­
est. A considerable amount of literature indicates a 
significant difference between REE patterns in 
Archean and younger sedimentary rocks (Wildeman 
and Condie, 1973; W ildeman and Haskin, 1973; 
Jak£s and Taylor, 1974; N ance and T aylor. 1976, 
1977; T aylor, 1977). There is compelling evidence 
that typical Archean sedimentary rocks tend to have 
lower REE abundances and enriched Eu (chondrite 
normalized Eu/Eu* of 1.0-1.5) compared to post- 
Archean sedimentary rocks (Eu/Eu* of about 0.67;
375
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Table 1. General stratigraphy of important Huronian formations showing dominant lithologies and depositional environ­
ments. Compiled from various sources
Group Formation Dominant lithologies Depositional environment
Cobalt Bar River orthoquartzite; minor mudstone littoral or aeolian
Gordon Lake* mudstone and sandstone shallow water (tidal flat?)
Lorrain* sandstone; minor conglomerate 
and mudstone
fluvial; minor marine
Gowganda* mixtite, mudstone; minor sandstone glacial
Quirke Lake Serpent* arkosic sandstone fluvial
Espanola dolostone, limestone, mudstone, 
sandstone
shallow marine
Bruce mixtite; minor mudstone and 
sandstone
glacial
Hough Lake Mississagi arkosic sandstone fluvial
Pecors* mudstone; minor sandstone lacustrine (?)
Ramsay Lake mixtite; minor sandstone and 
mudstone
glacial
Elliot Lake McKim* mudstone and sandstone lacustrine or marine
Matinenda and local 
volcanics
sandstone and conglomerate fluvial to fluvial-deltaic
* Units dealt with in this study.
N ance and T aylor , 1976, 1977). However, few 
analyses are available between the Archean 
( -  2.6 Gyr) and oldest post-Archean clastic samples 
(^1.5 Gyr). The Huronian sequence north of Lake 
Huron is an excellent candidate for examining this 
problem since it is Lower Proterozoic in age and con­
tains several mudstone-bearing formations (Table 1).
The purposes of this paper, therefore, are: (1) to 
report REE analyses from tillites and fine-grained 
clastic sedimentary rocks from the Lower Proterozoic 
Huronian sequence, (2) estimate REE abundances in 
post-Kenoran upper continental crust, north of Lake 
Huron, and (3) relate the REE composition of Hur­
onian fine-grained sedimentary rocks to post-Archean 
crustal evolution.
GENERAL GEOLOGY
The Huronian sequence, of Lower Proterozoic (Aphe- 
bian) age, crops out on the north shore of Lake Huron, 
Canada (Fig. 1). Huronian rocks lie unconformably on 
Archean basement and reach a maximum thickness of 
about 12,000 m near Lake Huron. The entire succession 
thins to the north, primarily due to wedging out of lower 
units (Frarey and Roscoe, 1970). Isotopic age determina­
tions indicate deposition between about 2.69 Gyrt (the age 
of the Kenoran orogeny; Stockwell, 1973) and 2.16 Gyr 
(the age of cross-cutting Nipissing diabase dykes; F air- 
bairn et al., 1969). Fine-grained sedimentary rocks of the 
Gowganda Formation have been dated at about 2.3 Gyr 
(but with a large error; Fairbairn et al., 1969). Although 
the age of the Fluronian is not precisely constrained, depo­
sition was probably quite rapid (Frarey and Roscoe, 
1970).
The general stratigraphy is presented in Table 1. Much 
of the Huronian has been subdivided and interpreted on 
the basis of cyclical sedimentation (Roscoe, 1957). Each 
major cycle, from the base of the Hough Lake Group, 
begins with a mixtite-bearing unit of probable glacial ori­
gin (Young and C handler. 1968). This is followed by a 
mudstone-bearing unit, which in one case (the Espanola
t  All ages based on /R b87 = 1.39 x 10 11 yr *.
Formation) is carbonate-rich. Next is a thick sequence of 
cross-bedded, typically immature sandstones. Paleocur- 
rents suggest a northerly source for most of the rocks 
(Card et al., 1972). Numerous petrographic studies
(P ienaar. 1963; H adley, 1968; C asshyap, 1969, 1971; 
P arviainen, 1973; Long. 1976) suggest the dominant 
sources of Huronian rocks were granitoid and volcano­
sedimentary (greenstone) material from the Archean-aged 
Superior Province.
The Gowganda Formation is of particular importance 
for this study. It consists of mixtites, laminated and mass­
ive mudstones and minor sandstones. The formation 
ranges from about 200 to 2700 m (Card et al.. 1972) with the 
thickest parts being in the south (Area 3; see Fig. 1). A 
glacial or glacially-related origin for most of the Gow­
ganda Formation is not in doubt (Ovenshine, 1965; L ind­
say, 1967. 1969. 1971; Young, 1968. 1970).
SAMPLES
Samples used for this study were taken throughout the 
Huronian outcrop belt. Preference was given to samples 
displaying the lowest metamorphic grades (middle green- 
schist and low'er) but the fine-grained material of all 
samples has been recrystallized leaving little trace of ori­
ginal clay mineralogy.
Mixtites
Mixtite samples consisted of the fine-grained matrix 
(finer than coarse sand) and excluded the larger lithic frag­
ments. This material is very poorly sorted. Framework 
components are generally subrounded to angular and con­
sist of quartz, feldspar and rock fragments. Rock fragments 
are abundant and include granitoids and lesser mafic vol- 
canics, rhyolites, schist and siltstone. Mafic volcanic frag­
ments increase in abundance towards the east and become 
very important near the Abitibi greenstone belt in Area 
2 (see Fig. 1). The framework grains are set in a matrix 
of chlorite and lesser amounts of sericite and biotite. Ac­
cessory minerals include zircon, tourmaline and iron 
oxides.
Several granitoid clasts were removed from the Gow­
ganda mixtites and analysed. These clasts were originally 
derived from the underlying Archean basement. No 
detailed petrographic information is available but these 
samples consisted of white and pink granitoid fragments.
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Fig. 1. Map showing the distribution of Huronian rocks and general geology north of Lake Eluron, 
Canada. The large area of Archean volcanic and sedimentary rocks north-east of Area 2 is part of
the Abitibi greenstone belt.
M udstones
Fine-grain rocks from the various Huronian formations 
have similar mineralogy. Framework minerals (generally 
finer than fine sand) include quartz, feldspar (the Gordon 
Lake samples contained little feldspar) and minor rock 
fragments. This is set in a matrix of sericite with lesser 
chlorite and biotite. The Gowganda mudstones differ from 
the rest in that chlorite is the most abundant matrix 
mineral with lesser sericite and biotite. Common acces­
sories include pyrite-pyrrhotite, iron oxides, zircon and 
tourmaline.
With few exceptions, samples analysed were, petro- 
graphically, mudstones, ranging from claystones to sandy 
mudstones (assuming recrystallized micas were originally 
clay-sized minerals). Samples from the Serpent Formation 
include mudstones and one sandstone. Samples from the 
uppermost Gowganda and Lorrain Formations were taken 
from a deltaic sequence at the transitional contact between 
the formations (Young et al.. 1977). One sample of clay 
mudstone from the Bruce Mines-Blind River area (Area 
1; Fig. 1) was included in the Lorrain average.
ANALYSIS AND RESULTS
Most major elements were determined by X-ray fluor­
escence spectroscopy (Phillips PW-1450 XRF), using the 
heavy absorber fusion technique of Norrish and H utton 
(1969). Ti was determined by XRF using pressed powder 
pellets calibrated against various international standards. 
Na was analysed by atomic absorption using a Perkin- 
Elmer A.A. Model 403.
The rare earth elements. La, Ce, Nd, Sm, Eu, Gd, Dy 
and Er were determined by a modified version (Fryer, 
1977a) of a thin film XRF procedure (Eby, 1972). Results
t  See NAPS document No. 03370 for 15 pages of supple­
mentary material. Order from ASIS/NAPS c/o Microfiche 
Publications, P.O. Box 3513, Grand Central Station New 
York, N.Y. 10017, remitting U.S. S3.00 for microfiche or 
U.S. S5.00 for photocopies. Cheques to be made payable 
to "Microfiche Publications".
on the international standard GSP-1 (Table 2) suggest ana­
lytical errors of +10-15% except for Eu and Er 
(±  15-20",,). It should be pointed out. however, that GSP-1 
is not a well-analysed standard, particularly for Eu and 
Ce (see Table 2). Previous results on BCR-1 (Table 2) by 
this technique (Fryer, 1977a) suggest errors of about 
±10”,, for all of the rare earth elements reported here.
A complete list of chemical analyses (including other 
trace elements) along with details on sample locations are 
available from the National Auxilliary Publication Ser­
viced Average results from the matrix of mixtites is pre­
sented in Table 3. The grand average (Column 4) was 
determined by giving equal weight to each major region 
of Gowganda deposition (see Fig. 1). Table 4 lists major 
elements and REE in granitoid clasts taken from the Gow­
ganda mixtites. Group ‘A' represents samples with K20 /  
Na20  >0.5 (granodiorites, quartz monzonites, granites) 
and Group 'B' represents samples with K20 /N a 20  <0.5 
(tonalites). Also presented are average REE for volcanic 
rocks of the Abitibi greenstone belt (Condie and Baragar, 
1974).
Table 2. REE abundances on geochemical standards 
GSP-1 and BCR-1 (in ppm)
1 2 3 4 5 6 7 8
La 207 212 176.7 164 200 191 26.2 24.2
Ce 489 494 396.0 355 390 394 56.4 53.7
Nd 208 174 213.9 172 190 188 30.5 28.5
Sm 27 28.2 31.3 23 27 27.1 7.27 6.70
Eu 3.0 2.57 2.5 3.3 2.4 2.4 2.03 1.95
Gd 13 14.8 15.0 13 — 15 7.33 6.55
Dy 5.2 5.66 5.0 6.1 5.4 5.4 6.43 6.39
Er 2.2 — 3.0 — — 3.0 3.76 3.70
1. GSP-1, this study: 2. GSP-1. H iguchi et al. (1969); 
3. GSP-1, Eby (1972); 4. GSP-1, in Ronov et al. (1977); 
5. GSP-1, Abbey (1973): compilation; 6. GSP-1. Flanagan 
(1973), compilation; 7. BCR-1, F ryer (1977a). this tech­
nique; 8. BCR-1, T aylor and G orton (1977). ‘best esti­
mate'.
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Table 3. Chemical composition of Gowganda Formation tillite matrix (majors in 
weight per cent; traces in ppm). Bracketed values indicate ranges
1 2 3 4
S i0 2 63.65 64.89 65.63 64.72
(57.14-66.56) (61.80-66.98) (61.27-69.65)
T i0 2 0.67 0.64 0.65 0.65
(0.65-0.81) (0.57-0.73) (0.56-0.82)
A12O j 15.65 14.87 14.73 15.08
(15.22-17.51) (14.46-15.21) (13.24-16.12)
F e20 3* 6.13 6.17 6.31 6.20
(5.26-8.39) (5.17-7.56) (4.27-9.95)
MgO 2.97 2.71 2.47 2.72
(2.38-3.53) (1.57-5.01) (2.02-2.98)
CaO 0.84 1.41 1.83 1.36
(0.48-1.30) (0.70-3.07) (1.50-2.22)
Na20 4.83 4.36 4.26 4.48
(4.17-6.54) (3.86-4.83) (2.20-4.83)
k 2o 2.13 1.94 1.70 1.92
(0.49-2.85) (0.96-2.78) (0.74-2.95)
MnO 0.06 0.07 0.09 0.07
(0.03-0.10) (0.06-0.09) (0.07-0.13)
PiOs 0.11 0.14 0.10 0.12
(0.07-0.17) (0.10-0.20) (0.07-0.15)
L.O.I. 2.85 2.91 2.25 2.67
(2.02-3.20) (2.39-3.56) (1.38-3.56)
Total 99.89 100.11 100.02 99.99
La 19 32 23 25
(12-36) (17-43) (12-36)
Ce 44 71 50 55
(33-72) (40-89) (31-75)
Nd 18 29 22 23
(13-28) (17-34) (16-30)
Sm 3.4 5.2 4.2 4.3
(2.6-4.7) (3.4-6.3) (3.3-5.7)
Eu 0.91 1.4 1.2 1.2
(0.59-1.1) (1.3-1.5) (1.0—1.5)
Gd 3.1 4.5 3.7 3.8
(2.3—3.4) (3.4—5.4) (3.2-4.9)
Dy 2.7 3.8 2.9 3.1
(2.0—3.2) (3.4—4.2) (2.6-3.2)
Er 1.9 2.3 1.7 2.0
(1.2-2.3) (1.8-2.5) (1.6—1.8)
1. Bruce Mines-Blind River (Area 1), 6 samples; 2. Cobalt-Gowganda (Area 2), 
4 samples; 3. Espanola-Sudbury (Area 3), 5 samples; 4. Average Gowganda tillite 
matrix (average of columns 1, 2 and 3).
* Total iron as Fe20 3.
Averages of analyses for the mudstone samples from the 
Fluronian sequence are given in Table 5. A summary of 
important REE statistics for Huronian rocks are compared 
to N ance and T aylor’s (1976, 1977) Archean and post- 
Archean sedimentary rock averages in Table 6. For this 
paper, ZLREE is taken to mean the sum of La, Ce, Pr, 
Nd and Sm and XHREE is the sum of Gd, Tb, Dy, Ho, 
Er, Tm, Yb and Lu. Values not obtained by this technique 
were estimated.
EFFECTS OF SEDIMENTARY PROCESSES 
AND METAMORPHISM
Available studies on the behaviour of REE during 
sedimentation suggest substantial effects may be seen. 
Ronov et al. (1967) noted significant light rare earth 
element (LREE) mobility in weathering profiles on 
various rock types in the Ukranian Shield. Similar 
effects have been noted by F ryer (1977b, unpublished
data) in a study of a Precambrian paleosol on basalt 
at the base of the Huronian sequence. It has also 
been found by Balashov et al. (1964) and Ronov 
et al. (1967) that there is a tendency for fractionation 
of the rare earths (due to LREE mobility) and increas­
ing ZREE in humid sedimentary environments as 
compared to arid ones. Cullers et al. (1975) noted 
variable ZREE and La/Lu in Permian shales from 
Kansas and Oklahoma. They suggested weathering, 
exchange reactions during sedimentation and dia­
genesis as possible controls.
The importance of these factors on the behaviour 
of REE in Huronian sedimentary rocks is difficult 
to evaluate. The ZREE may have been affected by 
weathering processes in some units. The Gordon 
Lake Formation which was probably derived from 
the most severely weathered source (M cLennan,
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Table 4. Chemical composition of granitoid clasts from 
the Gowganda Formation and average volcanic rocks from 
the Abitibi greenstone belt (majors in weight per cent; 
traces in ppm). Bracketed values indicate ranges
1 2 3 4
S i0 2 73.30 72.19
(65.78-77.50) (71.15-73.22)
T i0 2 0.24 0.38
(0.11-0.54) (0.34-0.42)
Ai2o 3 12.96 14.32
(11.84-14.53) (14.26-14.38)
Fe20 3* 1.87 2.56
(0.81-4.25) (2.38-2.73)
MgO 0.93 0.97
(0.24-2.43) (0.88-1.05)
CaO 0.85 1.11
(n.d.-2.99) (0.50-1.71)
NazO 3.92 5.51
(3.51-4.31) (5.11-5.91)
k 2o 4.18 1.94
(2.40-5.73) (1.05-2.83)
MnO 0.03 0.04
(n.d.-0.07) (0.03-0.04)
p2o 5 0.01 0.02
(n.d.-0.02) (n.d.-0.04)
L.O.I. 1.93 1.28
(1.03-3.98)
Total 100.22 100.32
La 14 19 6.1 14
(8.0-18) (7.6-31)
Ce 31 44 15 31
(17-38) (16-71)
Nd 11 17 — —
(7.6-13) (5.8-28)
Sm 1.9 2.8 2.5 7.4
(1.5-2.5) (0.85-4.8)
Eu 0.47 0.76 0.62 2.0
(0.34-0.59) (0.32-1.2)
Gd 1.8 2.1 — —
(1.2-2.4) (0.63-3.5)
Tb — — 0.62 2.0
Dy 1.6 1.0 — —
(0.98-2.1) (0.33-1.7)
Er 1.2 0.43t — —
(0.46-1.9)
Yb — — 1.9 6.3
Lu — — 0.30 1.0
E Group ‘A’ granitoid clasts (average of 4); 2. Group 
‘B’ granitoid clasts (average of 2); 3. Average Abitibi Belt 
tholeiite; Condie and Baragar (1974); 4. Average Abitibi 
Belt andesite; Condie and Baragar (1974).
‘ Total iron as Fe20 3.
t  Estimated.
1977) has significantly higher EREE than the other 
Huronian units (estimated average EREE = 262 ppm 
as compared to 115-187 ppm for the other units—see 
Table 6). On the other hand, mudstones from the 
Gowganda Formation, which were glacially derived 
and essentially chemically unweathered (see Young, 
1969), have estimated average EREE = 162 ppm 
which is not dissimilar to mudstones of the McKim 
and Pecors Formations (estimated average EREE = 
157 and 187 ppm respectively). The effects of sedimen­
tary processes on rare earth element fractionation is 
less ambiguous. There is little difference in ELREE/
EHREE among the various units (with the exception 
of the Lorrain Formation which will be discussed 
below) and differences that are present cannot be cor­
related to weathering intensity or climatic conditions. 
For example, the Gowganda Formation which is little 
weathered and deposited in a frigid environment has 
ELREE/EHREE indistinguishable from the Gordon 
Lake Formation (see Table 6). The Gordon Lake was 
associated with significant weathering (McLennan, 
1977) and was probably deposited in a warmer cli­
mate (Young, to be published).
Samples from the Huronian sequence were gener­
ally of middle greenschist facies metamorphism or 
lower. Although studies on the behaviour of REE 
during metamorphism are not numerous, they do sug­
gest that changes in total abundances and fraction­
ation of the rare earths under greenschist conditions 
are minor (Herrmann, 1970; Cullers et ai, 1974).
In summary, it is concluded that with the possible 
exception of EREE in some units (such as the Gordon 
Lake Formation) the rare earth element distribution 
in Huronian sedimentary rocks are not severely 
affected by secondary processes. A corollary to this 
conclusion is that these samples should reflect a fairly 
effective sampling of the contemporaneous exposed 
upper crust for a large region north of Lake Huron.
THE ARCHEAN CRUST
Aitnougn tms paper deals with post-Archean sedi­
mentary rocks, an understanding of some problems 
involving the Archean crust is fundamental. Several 
authors (Anhausser, 1973a,b; G likson, 1971, 1972) 
favour an early mafic crust of layered oceanic affinity. 
Geological evidence is confusing. Some field data sup­
port an early sialic crust (e.g. Bridgwater and F yfe, 
1975; Henderson, 1975) perhaps composed primarily 
of soda-rich granitoids (Baragar and McG lynn, 
1976). Consideration of possible high Archean geo­
thermal gradients (Fyfe, 1973, 1974; Bridgwater 
and Fyfe, 1975) have been used to postulate an exten­
sive thin acidic crust periodically ruptured by 
dominantly bimodal volcanism.
H argraves (1976) has raised compelling arguments 
favouring an extensive submerged sialic crust during 
much of the Archean. In this model, erupting green­
stones would rise above sea level to be rapidly eroded 
into adjacent basins. If most of the sialic shell of the 
Archean earth was submerged, it could not have been 
a major sediment source. Sedimentary basins would 
be disproportionately dominated by greenstone- 
derived detritus and not, therefore, representative of 
the Archean crust as a whole. REE distributions 
would be similarly biased (Taylor, 1977).
POST-ARCHEAN CONTINENTAL CRUST
The composition of younger, continental crust is 
better known. Upper crustal composition closely ap­
proximates that of granodiorite (Shaw et al., 1967,
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Tabic 5. Average chemical composition of Huronian line-grained sedimentary rocks (major elements in weight per cent;
trace elements in ppm). Bracketed values indicate ranges
1 2 3 4 5 6 7
S i0 2 59.66 60.76 72.30 59.57 ___ — 69.73
(57.19 63.23) (55.74-68.17) (66.13-78.46) (57.60 64.41) (54.32-80.14)
T i0 2 0.75 0.77 0.46 0.70 — — 0.38
(0.64-0.82) (0.54-0.95) (0.30-0.62) (0.59-0.80) (0.30-0.52)
a i2o 3 20.27 19.36 12.66 17.20 — — 14.96
(17.48-22.67) (14.45-23.12) (9.14-16.18) (15.42-19.01) (9.95-23.28)
Fe20 3* 6.90 6.60 3.88 8.29 — — 3.72
(6.08-7.62) (5.37-7.56) (2.68-5.08) (6.29-10.68) (2.62-5.74)
MgO 2.27 2.58 1.41 2.85 — — 1.67
(1.88-2.72) (2.33-2.83) (0.89-1.93) (1.74-4.09) (1.02-2.79)
CaO 0.87 0.63 0.95 1.09 — — 0.18
(0.45-1.28) (0.18-1.20) (0.32-1.57) (0.32-2.63) (0.02-0.63)
N a20 1.49 1.54 1.75 3.37 — — 1.50
(1.14-2.31) (0.83-2.00) (0.91-2.59) (1.77-4.46) (0.11-2.74)
k 2o 3.36 3.90 4.16 3.22 — — 4.63
(2.31-4.04) (2.36-4.78) (2.41-5.90) (1.90-4.49) (2.09-8.88)
MnO 0.06 0.05 0.02 0.09 — — 0.02
(0.05-0.07) (0.03-0.07) (0.05-0.14) (0.01-0.03)
P 2Os 0.08 0.10 0.09 0.15 — — 0.05
(0.07-0.09) (0.06-0.14) (0.07-0.11) (0.11-0.20) (n.d.-0.14)
L O T 4.46 3.92 2.13 3.06 — — 3.16
(2.80-6.16) (3.33-4.36) (1.42-2.84) (2.26-4.27) (2.13-4.53)
Total 100.17 100.21 99.81 99.59 — — 100.00
La 29 36 33 33 32 18 49
(17-54) (18-75) (16-64) (13-74) (24-41) (4.2-37) (30-86)
Ce 67 82 77 71 67 45 115
(42-110) (50-161) (41-142) (33-144) (51-87) (13-80) (81-177)
Nd 29 34 30 29 24 21 51
(20-44) (24-61) (17-54) (15-52) (19-30) (7.5-29) (33-83)
Sm 5.7 6.4 5.4 5.3 4.3 4.3 9.3
(4.2—7.8) (5.0-11) (3.4-9.31 (3.0-8.8) (3.4-5.7) (2.0—7.4) (6.4-16)
Eu 1.5 1.6 1.2 1.4 0.92 0.91 1.8
(1.1-2.0) (1.3-2.4) (0.67-2.0) (0.77-2.4) (0.74-1.2) (0.31-1.5 ) (1.1-3.3)
Gd 5.1 5.5 4.5 4.6 3.5 4.8 7.6
(3.9-64) (4.0-8.7) (2.7-7.21 (2.7-7.41 12.9-4.8) (2.1-9.4) (5.4-13)
Dy 4.6 4.5 3.0 3.7 2.7 5.3 5.8
(3.9-5.8) (2.5-5.31 (1.8-4.1) (2.3-5.2) (1.9-3.8) (2.2-11) (3.4-10)
Er 2.7 2.7 1.9 2.3 1.6 4.0 3.9
(2.2-3.4) (1.6-3.4) (1.1-2.6) (1.3-3.3) (0.96-2.3) (1.2-8.1) (2.1-6.6)
1. McKim Formation. 5 samples: 2. Pecors Formation. 7 samples: 3. Serpent Formation. 3 samples (2 samples 
only for major elements, from Long, 1976): 4. Gowganda Form ation (mudstones), 15 samples: 5. Uppermost Gowganda 
Formation. 3 samples: 6. Lorrain Formation. 4 samples: 7. Gordon Lake Formation. 6 samples.
* Total iron as Fe20 3.
1976; Eade and Fahrig. 1971). Although the rare 
earth elements in sedimentary rocks can be affected 
by weathering, diagenesis, etc. (see above), the general 
distribution is apparently consistent with granodiori- 
tic composition (Taylor. 1977). In a study of middle 
Proterozoic to Triassic sedimentary rocks from wide­
spread areas and differing tectonic environments. 
N ance and Taylor (1976) documented very consis­
tent REE patterns, similar to North American shale 
composite (NASC) (Haskin et at.. 1968). N ance and 
Taylor (1976) calculated the post-Archean average 
Australian sedimentary rock (PAAS) rare earth pat­
tern from these data and considered it the best esti­
mate of post-Archean upper continental crust abun­
dances. The remarkable consistency of the patterns 
through time was interpreted by Nance and Taylor 
(1976) and Taylor (1977) as indicating a conservative
and uniform process of crustal evolution for the past 
1.5 Byr.
As stated above, however, these patterns are differ­
ent from Archean sedimentary rocks. This has been 
cited as evidence for a substantial difference in the 
composition of the exposed upper crust (JakEs and 
Taylor. 1974; Balashov and Tlgarinov, 1976: Tay­
lor, 1977).
CRUSTAL ABUNDANCES NORTH OF 
LAKE HURON
Figure 2 displays the average of REE for the Gow­
ganda tillite matrix (Table 3, Column 4) normalized 
to chondrites and various crustal estimates. The Gow­
ganda is similar to PAAS and NASC except for some 
enrichment in Eu, slight heavy REE depletion and 
overall lesser abundances. Comparison with Ronov
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Table 6. Summary of REE data for Archean. Huronian and ‘post-Archean’ sedimen­
tary rocks. Archean and ‘post-Archean- data from N ance and T aylor (1976, 1977)
Average! Average Average!
ILREE/IHREE Eu/Eu* IREE
Average ‘post-Archean’ 
sedimentary rock 
Gordon Lake Formation 
Lorrain Formation 
Uppermost Gowganda 
Formation
Gowganda Formation 
(mudstones)
Gowganda Formationj 
(tillites)
Serpent Formation 
Pecors Formation 
McKim Formation 
Average Archean Group II 
sedimentary rock 
Average Archean Group I 
sedimentary rock
! Estimated for Huronian rocks.
I Weighted averages of all samples.
et a?s (1974) estimate of Precambrian continental 
crust indicates significant light REE enrichment in the 
Gowganda. The reason for this is unclear but regional 
differences in crustal composition cannot be excluded 
(also, it is unclear if Ronov et al.'s calculations are 
for the entire continental crust or just the upper 
exposed part). A comparison with Shaw et al.'s (1976) 
Canadian Shield surface estimate is perhaps most 
meaningful. In general, the Gowganda data appear
150 -
1 00 -
•  n o r m a l i z e d  t o  C H O N D R I T E S
.  n o r m a l i z e d  t o  N A S C  
□ ii ii P A A S
•  ii ii C O N T I N E N T A L  C R U S T
•  I' C A N A D I A N  S H I E L D  S U R F A C E
L a  C e  N d  S m  E u  C d  D y  Er
similar. Slight depletion of light REE and enrichment 
of heavy REE would be consistent with a more mafic 
source (cf. Fig. 6). Geochemical studies have shown 
that the finer-grained matrix of tillites may be more 
‘mafic’ than bulk samples due to preferential mechani­
cal breakdown of ferro-magnesian minerals (Young, 
1969; McLennan. 1977). Ideally, bulk sampling of the 
entire tillite (including large lithic fragments) should 
be used in estimating upper crustal abundances but
9.7 ± 1.8 0.67 ± 0.05 171 ±  41
9.6 ± 2.6 
5.2 + 3.9 
13 ± 3
0.65 + 0.07 
0.63 ±0.15 
0.74 ± 0.05
262 ± 99 
115 + 60 
146 ± 39
8.9 ± 2.4 0.90 ± 0.08 162 ± 73
9.1 ± 2.5 0.89 ±0.13 122 ± 41
11 ± 4 
8.9 ± 4.1 
7.8 ± 2.5 
15 ± 4
0.72 ± 0.04 
0.85 ± 0.08 
0.86 ± 0.02 
1.05 ± 0.16
167 ± 119 
187 ± 78 
157 ± 55 
121 ± 37
6.3 ± 0.5 1.31 ± 0.17 76 ± 21
Fig. 2. REE patterns for the average Gowganda tillite matrix, normalized to chondrites and various 
crustal estimates. Envelope around chondrite-normalized pattern represents maximum and minimum 
values. Values for continental crust from Ronov et al. (1974); values for Canadian Shield surface 
from S haw  et al. (1976). Open circles represent estimated normalization values using interpolation
of chondrite-normalized patterns.
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Fig. 3. Comparison of REE patterns of the Gowganda tillites with average Archean shale (N ance 
and T aylor, 1977) and average post-Archean sedimentary rock (N ance and T aylor, 1976). The positive 
Eu-anomaly in Archean sedimentary rocks is probably a local effect with smooth patterns being more 
typical (S. R. T aylor, pers. comm.). Data normalized to chondrites.
because of the extremely large grain sizes involved 
(commonly >  1 m), unreasonably large samples would 
be required to be representative. Graphical compari­
son of the Gowganda tillite with data from Archean 
and post-1500 Myr sedimentary rocks (N an ce  and 
T a y l o r , 1976, 1977) is given in Fig. 3. The REE dis­
tribution for the Gowganda is approximately inter­
mediate between the other tw'o averages in most re­
spects. This may suggest the REE pattern for the 
Gowganda represents an intermediate stage in the 
evolution of the exposed upper continental crust.
Total REE abundances
As previously noted, total REE content of the 
Gowganda tillites is lower than crustal estimates 
using ‘normal' sedimentary rocks such as NASC and 
PAAS while more closely comparable to estimates 
using samples from shield areas (Fig. 2). Is this 'deple­
tion' only due to differences in crustal composition 
or is it, at least in part, a sampling bias? To investi­
gate this, 15 Gowganda Formation mudstones (see 
Table 5, Column 4), closely associated with the tillites 
and also of a glacially-related origin were analysed 
(complete discussion of the mudstones is given below).
Comparison with the tillite (Table 6, Fig. 4) shows 
that, although the relative distributions are almost 
identical, the mudstones appear enriched in total 
REE, by a factor of as much as 1.3. The average 
XREE for the mudstones and tillites are only statisti­
cally distinct at about the 80°o confidence level but 
the fact that regional mudstone averages (see Fig. 1) 
are consistently higher than the contemporaneous 
regional tillite averages suggests the difference is real.
Three explanations may account for the difference:
(1) the mudstones and tillites have been affected 
by some secondary process such as weathering;
(2) the tillites have preferentially incorporated REE- 
deficient material (most likely quartz) leaving them 
relatively depleted in XREE compared to the upper 
continental crust;
(3) the mudstones have concentrated REE-rich 
material such as clay minerals leaving them relatively 
enriched in XREE compared to the upper continental 
crust.
The first option is unlikely since both units are 
related to glacial activity and were derived, primarily 
from mechanical breakdown of source rocks (Y o u n g , 
1969). Preferential enrichment of minerals, such as
2 .0 -
1.5 -
1. 0 -
0 . 8 -
Fig. 4. REE pattern of average Gowganda mudstone normalized to the average Gowganda tillite 
matrix. Note higher abundances in the mudstones compared to tillites. NASC and PAAS are enriched 
over the tillites by comparable amounts (cf. Fig. 2).
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determined and calcite did not occur in the Gow- 
ganda samples, this mineral was not calculated in the 
norms. The average tillite matrix is enriched over the 
mudstones in quartz by a factor of about 1.3. The 
mudstones are enriched in normative chlorite, kao- 
linite (modal kaolinite does not occur in these rocks) 
and hematite (modal hematite is rare). The constitu­
ents of these normative minerals would have been 
involved in the original clay-sized minerals. If it is 
accepted that REE distribution in tillites should give 
a reasonable estimate of upper crustal abundances 
then, although relative REE patterns in many fine­
grained sedimentary rocks reflect their source, the 
overall abundances of REE in fine-grained sedimen­
tary rocks may tend to be systematically high due 
to preferential concentration of REE-bearing material 
such as clays.
Fig. 5. Normative sedimentary minerals for average Gow- 
ganda tillite matrix (white) and average Gowganda mud­
stone (stippled). Note enrichment in normative quartz and 
depletion in normative chlorite, kaolinite and hematite in 
the tillites.
quartz, in the tillites is also an unlikely mechanism. 
Young (1969) and McLennan (1977) have shown 
that there is, in fact, a slight tendency for enrichment 
of mafic material in the tillite matrix (relative to esti­
mates of upper crustal abundances in the Canadian 
Shield) due to preferential mechanical breakdown of 
mafic minerals.
Concentration of clay-sized material in the mud­
stones by sedimentary processes could account for 
higher REE abundances (see Roaldset, 1973). 
Although quantitative estimates of original mineral­
ogy are difficult to make, this hypothesis can be tested 
by studying normative sedimentary mineralogy (Fig. 
5). Norms were calculated in the manner outlined by 
Garrels and M ackenzie (1971); since C 0 2 was not
Provenance
The provenance of the Gowganda Formation is of 
key importance in assessing the significance of the 
REE patterns. Sedimentological (Young, 1968) and 
geochemical (Young, 1969; M cLennan, 1977) studies 
point to a diverse source area to the north composed 
of granitic and volcano-sedimentary (greenstone) 
debris (see Fig. 1).
REE data on rocks of Huronian source regions 
suggest highly varied patterns. Figure 6 displays 
chondrite-normalized REE data for granitoid clasts 
taken from the Gowganda tillites and averages from 
volcanics of the Abitibi greenstone belt (Condie and 
Baragar, 1974). Group ‘A' granitoids (K-rich) show 
fairly flat HREE and commonly have a negative Eu- 
anomaly. Group lB’ granitoids (Na-rich) display very 
steep patterns. These two patterns are extremely com­
mon in Archean granitoid terrains and are fairly simi­
lar to O'N ions and Pankhurst's (1978) type 'A' and 
'B' Precambrian granitoids (also see Glikson, 1976; 
Condie and Hunter, 1976; Nance and Taylor,
100  0 -
5 0 .0 -
3 0 .0 -
10 .0 -
5 .0 -
2 0 -
Sm Eu Gd Tb DyLa Ce Yb Lu
Fig. 6. REE patterns, normalized to chondrites, for granitoid clasts from the Gowganda tillite and 
of average volcanic rocks from the Abitibi greenstone belt. Abitibi data from Condie and Baragar 
(1974). A  Group ‘A* granitoids; ▲ Group ‘B" granitoids; •  average Abitibi Belt tholeiite; O average
Abitibi Belt andesite.
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Gordon Loke (6 )
Lorrain (4)
Uppermost 
Gowganda (3)
Gowganda (15)
Serpent  (3)
Pecors (7)
McKim (5)
La Ce Sm Eu Gd
Fig. 7. REE patterns for Huronian sedimentary in rocks, 
in stratigraphic order, normalized to chondrites. Values in 
brackets are the number of samples used for the average 
pattern.
1977; Collerson and Fryer, to be published). Due 
to lack of data, the Abitibi patterns are difficult to 
assess but other studies (Condie, 1976; Sun and N es­
bitt, 1978; F ryer and Jenner, 1978) indicate a 
more varied suite of REE patterns in normal Archean 
greenstone belts. Significantly, negative Eu anomalies 
do not appear to be ubiquitous (Hermann et al„ 
1976; Chou et al., 1977; Taylor and Hallberg, 
1977; Sun and N esbitt, 1978; Fryer and Jenner, 
1978). In fact. Sun and N esbitt (1978) have suggested 
that many netagive Eu-anomalies, observed in 
Archean mafic volcanics, are due to alteration.
In N ance and Taylor's (1977) study of Archean 
Kalgoorlie sedimentary rocks of West Australia, the 
similarity between REE patterns of Archean sedimen­
tary rocks and the Na-rich granitoids (analogous to 
Group ‘B' of this study) was noted. They concluded 
that the K-rich granites (Group 'A' of this study) were 
not an important component in the provenance ter­
rain of the sedimentary rocks. The significance of 
K-rich granites on Gowganda REE patterns is diffi­
cult to assess completely. They do occur as abundant 
framework clasts in the Gowganda tillites but are vir­
tually absent in the underlying Ramsay Lake and 
Bruce mixtites (Frarey and Roscoe, 1970). Since
K-rich granites do not seem to be an important 
source rock for Archean sedimentary rocks (N ance 
and T aylor, 1977), perhaps their presence in the 
Gowganda accounts for the intermediate nature of 
the Gowganda tillite REE patterns compared to 
Archean and post-1500 Myr sedimentary rocks.
POST-ARCHEAN c r u s t a l  e v o l u t i o n  
NORTH OF LAKE HURON
Figure 7 shows REE data from Huronian fine­
grained sedimentary rocks, in stratigraphic order, 
normalized to chondritic meteorites. With the excep­
tion of the REE distribution in the Lorrain Forma­
tion and Eu abundances, the patterns are quite simi­
lar to one another. The Lorrain displays heavy REE 
enrichment (estimated average ILREE/ZHREE = 
5.2) and lower abundances. The reasons for this are 
not entirely clear. One explanation for the heavy REE 
enrichment may be concentration of heavy minerals, 
such as zircon. Nagasawa (1970) found significant 
heavy REE enrichments in zircons. High, heavy 
mineral content (particularly zircon) has been 
reported in sandstones of the Lorrain Formation 
(H adley, 1968; Casshyap, 1971). Petrographic obser­
vations of analysed samples revealed the presence of 
zircon but the fine-grained texture precluded mean­
ingful modal estimates. A high proportion (>l°o) of 
detrital pyrite suggests a significant heavy-mineral 
suite.
The most remarkable feature of the Huronian mud­
stone data is the increasing magnitude of the negative 
Eu-anomaly towards the top (with the exception of 
the Gowganda Formation). Basal Huronian rocks 
(McKim and Pecors Formations) display patterns 
similar to Archean sedimentary rocks except for 
higher ZREE and a slight chondrite-normalized nega­
tive Eu-anomaly. Toward the top of the succession, 
typical post-Archean REE patterns develop. The 
Gordon Lake Formation is quite similar to PAAS 
except for increased ZREE. The change in the 
patterns is particularly noticeable for Eu/Eu* (see 
Table 6).
An interpretation involving a rapidly evolving 
upper continental crust in this area seems consistent 
with the data. Towards the end of the Archean, and 
particularly during the Kenoran orogeny, K-rich 
granites were probably intruded into an upper crust 
dominated by greenstone and tonalitic material with 
only minor K-rich granites (Collerson and Fryer, 
to be published). Perhaps coeval with this activity was 
increasing uplift and subaerial exposure with continu­
ing stabilization of cratonic masses. Whether this ‘cra- 
tonization' was a global event or simply a local occur­
rence is not known (Hargraves. 1976). The K-rich 
granites presently exposed on many shield areas prob­
ably represent remnants of high level intrusions. Their 
intrusion may have resulted in a chemically zoned 
(vertically) continental crust (Taylor, 1967; Fahrig 
and Eade, 1968).
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Fig. 8. Generalized behaviour of Eu/Eu* vs time for clastic sedimentary rocks. The transition stage, 
here represented by the age limitations of the Huronian, is probably very brief after the onset of 
post-Archean sedimentation. Data compiled from various sources.
The source for the lower Huronian may have com­
prised tonalitic and greenstone material with minor 
K-rich granite. Such a source could provide patterns 
similar to typical Archean sedimentary rocks (N ance 
and T aylor, 1977) except for some depletion in Eu. 
With time, cratonic regions would have been eroded 
exposing increasing amounts of K-rich granite. This 
could account for increased Eu depletion in younger 
Huronian rocks since the only apparent significant 
difference between the relative REE patterns of K-rich 
granite and a tonalite-greenstone mixture is the nega­
tive Eu anomaly of the former. If the Huronian is 
a typical example then the evolution between Archean 
and post-Archean sedimentary REE patterns is ex­
tremely rapid (i.e. the duration of Huronian sedimen­
tation) and may be considered essentially episodic 
(Fig. 8).
The Gowganda mudstones deserve special atten­
tion. These are closely associated with the Gowganda 
tillites and are predominantly of a glacially-related 
origin. They do not, however, fit into the general evo­
lutionary pattern and resemble the older McKim For­
mation (Table 6). Figure 9 suggests the magnitude 
of the negative Eu-anomaly can be related to the
Ti/Al ratio (a reliable index of composition). The 
Gowganda Formation is similar to the older McKim 
and Pecors Formation whereas the younger units dis­
play a more pronounced Eu anomaly and more felsic 
composition (i.e. lower Ti/Al).
These observations may be related to the scale of the 
Gowganda glaciation. Prior to Gowganda deposition, 
erosion may have been relatively local. H argraves 
(1976) has argued that the maximum mountain 
height (based on isostatic and geothermal consider­
ations) would have been exceedingly small compared 
to recent standards. This is supported by evidence 
of low relief during most of Huronian deposition 
(Frarey and Roscoe, 1970). The maximum local 
pre-Huronian relief measured is in the order of 300 m 
with about 60 m being typical (Card et al., 1972). 
Moreover, Roscoe (1969) and F rarey and Roscoe 
(1970) suggested that fault movement during Hur­
onian sedimentation was a major factor on erosion. 
For example, thickening of strata across the Murray 
Fault system suggests that significant displacement 
occurred during Huronian sedimentation (Roscoe, 
1969; F rarey and Roscoe, 1970; C ard et al., 1972). 
Similar observations have been made for the Flack
t io 2
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Fig. 9. Plot of T i0 2/Al20 3 vs Eu/Eu* for Huronian rocks. The Serpent Formation average is based 
on two samples only. The Espanola Formation (McLennan, 1977) is included for comparison.
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Fig. 10. Generalized model of REE evolution in sedimentary rocks. A. Archean (>2.7G yr) REE pat­
terns resulted from an early upper crust dominated by greenstone (black) and Na-rich granitic material 
(hatched). B. During the Kenoran orogeny ( -  2.7 Gyr), K-rich granites (white) were intruded into the 
crust. Early erosion resulted in rapidly changing sedimentary REE patterns. This transitional stage 
was probably very brief, occurring within the time of lower Fluronian sedimentation. C. When erosion 
cut sufficiently deep, typical post-Archean sedimentary REE patterns appeared and these have remained 
essentially unchanged. Crustal models adapted and modified from Baragar and McGlynn (1976), 
however, the actual early history of the earth (particularly >2.7 Gyr) w'as probably much more compli­
cated than depicted (cf. Collerson and Fryer, to be published).
Lake Fault (Wood, 1975). This could have provided 
a local source for much of the sediment in the lower 
Huronian. The Gowganda event, on the other hand, 
was probably a glaciation of continental dimensions 
(Yo u n g , 1970) representing widespread erosion. It 
may have incorporated large amounts of more distal 
tonalitic and volcanic material which remained at sur­
face, giving rise to a more ‘primitive’ REE pattern.
By the end of Gowganda glaciation, erosion 
throughout this region may have cut deeply enough 
into the crust to render K-rich granites a major com­
ponent in sedimentary debris. The process of denuda­
tion would have continued through Lorrain times. A 
minimum of 30.000 km3 of quartzite is present in the 
Cobalt Group (Frarey and Roscoe, 1970) with much 
of this in the Lorrain Formation. The volume of crust 
needed to produce this amount of quartz is enormous. 
By Gordon Lake times, erosion of the upper crust 
in this region probably exposed a terrain of essentially 
granodioritic composition—one which apparently has 
remained unchanged (N ance and T aylor, 1976; 
T aylor, 1977). Figure 10 compares this model of 
REE evolution in Precambrian sedimentary rocks to 
current thoughts on Precambrian crustal evolution 
(Baragar and M cG lynn , 1976; H argraves, 1976).
Supporting field evidence for this type of evolution­
ary pattern is present in basement rocks north of
Lake Huron. Two types of granitic rocks are found; 
an older Na-rich. grey gneissic to equigranular variety 
o f‘tonalitic’ (quartz diorite, quartz monzonite. grano- 
diorite, etc.) composition and a younger K-rich, pink 
variety o f‘granitic’ (granodiorite, granite, etc.) compo­
sition (Robertson, 1961, 1963a.b. 1964; P ienaar, 
1963; Roscoe. 1969). Detailed petrographic informa­
tion dealing with stratigraphic trends of various types 
of granitic fragments in Huronian rocks is not avail­
able. Observations of the three mixtite (tillite) units, 
however, does give some clue. Plutonic megaclasts in 
mixtites of the Ramsey Lake and Bruce Formations 
are almost exclusively grey (Na-rich) ‘granite’ while 
pink (K-rich) ‘granite’ is more important in mega­
clasts of the Gowganda Formation (Chandler, 1967; 
F rarey and Roscoe, 1970). These observations sug­
gest K-rich granites were not being eroded during 
lower Huronian times and seem consistent with the 
interpretation given above.
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RARE EARTH ELEMENTS IN SEDIMENTARY ROCKS, GRANITES 
AND URANIUM DEPOSITS OF THE PINE CREEK GEOSYNCLINE
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ABSTRACT
Rare earth elements (REE) and other trace elements have been analysed in fine-grained sedimentary rocks 
from several important Lower Proterozoic units in the Pine Creek Geosyncline. Samples from the lower part of the 
sequence (Group I) appear slightly evolved from typical Archaean sedimentary rocks (AAS) towards typical Post- 
Archaean sedimentary rocks (PAAS). They have slightly lower Eu/Eu* and higher LREE/HREE than AAS. 
Samples from the upper part of the sequence (Group II) resemble typical post-Archaean sedimentary rocks. These 
observations are consistent with REE patterns in the Lower Proterozoic Huronian succession of Canada and support 
the suggestion of a major, episodic change in the composition of the exposed upper crust at the Archaean-Proterozoic 
boundary. This change was probably related to large scale emplacement of K-rich granitic rocks into the upper crust 
at the end of the Archaean.
Analyses of U-rich sedimentary rocks from the Cahill Formation indicate significant REE mobility. Samples 
are highly fractionated and show decreasing La/Y b and increasing 2  REE (for samples with U ~ 1900 ppm) with 
increasing U content. These patterns also display a chondrite-normalized negative Eu-anomaly. U-rich samples (U 
~ 1900 ppm) have a chondrite-normalized maximum at Tb. High HREE, U and iow Th can be explained by 
carbonate complexing of U and REE in a low temperature hydrothermal ore solution. The solution was probably 
oxidizing with a pH >7.5.
No evidence for a natural fossil nuclear reaction was observed in any of the samples. The high abundances of 
the HREE seem typical of U-ores from the Pine Creek Geosyncline and Rabbit Lake uranium deposit, Canada. 
Many of these elements are extremely efficient neutron absorbers and would thus significantly inhibit spontaneous 
chain reactions.
INTRODUCTION
The average concentration of rare earth elements (REE) in fine-grained sedimentary 
rocks appears to reflect the composition of the exposed crust (see reviews by Nance & Taylor, 
1976, 1977; Taylor, 1977, 1979; McLennan et al., 1979). Any temporal variations of REE in 
sedimentary rocks bears significant information on important questions concerning the 
evolution of the continental crust. A major difference appears between typical REE patterns 
in Archaean and younger sedimentary rocks (Wildeman & Haskin, 1973; Jakes & Taylor, 
1974; Nance & Taylor, 1976, 1977; Taylor, 1977, 1979; Taylor & McLennan, 1980, for 
example). Typical Archaean sedimentary rock (AAS) patterns are less fractionated 
(LREE/HREE ~5.3), have lower total abundances ( 2 R E E  ~71ppm) and less relative 
depletion of Eu (Eu/Eu* ~ 1 .0, where Eu* is a theoretical value for no chondrite-normalized 
Eu anomaly) compared to typical post-Archaean sedimentary rock (PAAS) patterns 
(LREE/HREE ~ 9.4; 2  REE ~183 ppm; Eu/Eu* ~0.67; see Table 1). In a study of the 
Lower Proterozoic Huronian succession of Canada, McLennan et al. (1979) observed the 
changeover in REE patterns and noted the short time interval over which it occurred. From 
these observations, they concluded that a major episodic change in the composition of the 
exposed crust took place at the end of the Archaean. The change was probably related to 
pervasive emplacement of K-rich granitic rocks into an Archaean upper crust pre'.’iously 
dominated by a ‘tonalite’ - greenstone suite. This would be compatible with an overall 
compositional change for the upper crust from andesite to granodiorite (Taylor, 1979). The 
Lower Proterozoic Pine Creek Geosyncline (PCG) was probably deposited sometime 
between 2400-1870 m.y. (Page et al., this volume) and thus provides a good Australian 
example for studying these trends.
There is very little information available on REE distribution in sedimentary uranium 
deposits. These elements are not normally affected by metamorphism (Green et al., 1969, 
1972; Cullers et al., 1974). Since the chemical behaviour of REE is fairly predictable (see
Proceedings of International Uranium Symposium on the Pine Creek Geosyncline, 1980
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Gschneidner & Eyring, 1979 for most recent summary), REE may prove useful for looking 
at conditions of uranium ore formation. For these reasons, REE distributions in the U-rich 
Cahill Formation (Needham & Stuart-Smith, 1976) have also been examined.
Discovery of the natural nuclear reactor at Oklo, Gabon, has led to intensification of the 
search for other occurrences in rocks of similar age. Examining the possibility of finding a 
fossil nuclear reactor in the Pine Creek Geosyncline is, in fact, a major purpose of the present 
proceedings. Understanding the REE distributions in a potential reactor area is crucial in 
analysing the feasibility and characteristics of a natural nuclear reactor (Loubet & Allegre, 
1977). This aspect is considered in the present work.
SAMPLES
Sedimentary rocks of the Pine Creek Geosyncline lie unconformably on an Archaean 
basement and were deposited sometime during the interval of about 2400-1870 m.y. (Page et 
al., this volume). The most recent stratigraphic analysis has been summarized by Needham 
et al. (this volume).
For the present study, sedimentary rock samples from the Pine Creek Geosyncline 
(PCG) have been subdivided into three groups. Group I includes primarily fine-grained 
sedimentary rocks from the lower part of the PCG succession, including samples from the 
Batchelor and Namoona Groups and the lower Mount Partridge Group (excluding the 
Nourlangie Schist and Wildman Siltstone). Two samples from this part of the succession 
(PCG213, PCG41) are considered anomalous and are discussed separately. Group II 
represents samples from the upper part of the Pine Creek Geosyncline succession 
encompassing the upper Mount Partridge Group (Nourlangie Schist and Wildman Siltstone) 
and the South Alligator and Finniss River Groups. Sample PCG26, from this part of the 
succession is considered separately. This stratigraphic subdivision is essentially arbitrary and 
is based solely on REE characteristics. The U-rich Cahill Formation is considered as a 
separate group.
Three granitic rock samples from the late Archaean (ca.2500 m.y.), Nanambu Complex 
(Page et al., this volume) were also analysed in order to assess possible effects on the 
sedimentary REE patterns.
Details of location and petrography, for all PCG-numbered samples,' are given in 
Ferguson & Winer (this volume), who also give complete major and trace element analyses 
(including La, Ce and Y).
ANALYTICAL METHODS
Most samples were analysed for trace elements by spark source mass spectrometry using 
the method described by Taylor & Gorton (1977). This technique provides data for Th, U, 
Hf, Nb, Ba, Pb, Cs, Zr, T l, W, Mo, Sn, Bi, Y and 12 REE (excluding Tm and Lu). 
Analytical precision and accuracy is typically about ± 5%. Four U-rich samples (PCG52, 
PCG57, PCG 148, 75080260) from the Cahill Formation were analysed for REE only, by a 
modified version (Fryer, 1977a) of an ion exchange — X-ray fluorescence procedure of Eby 
(1972). Analytical error for this technique is estimated at about ±10%. U and Th values for 
samples PCG52, PCG57, and PCG 148 were taken from Ferguson & Winer (this volume). 
The U value for sample 75080180 was made available by J. Ferguson.
In the tables, a dash indicates that no determination was made in this study, while an 
asterisk indicates that the element was below detection limits. LREE represents the sum of 
La, Ce, Pr, Nd and Sm while HREE represents the sum of Gd, Tb, Dy, Ho, Er, Tm 
(estimated), Yb and Lu (estimated). Chondrite values used for normalizing are given in table 
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S a m p l e AAS a ) PAAS b ' C HON D R I T E S 0 '
La 1 2 . 6 3 8 0 . 3 1 5
Ce 2 6 . 8 8 0 0 . 8 1 3
P r 3 . 1 3 8 . 9 0 . 1 1 6
Nd 1 3 . 0 32 0 . 5 9 7
Sm 2 . 7 8 5 . 6 0 . 1 9 2
Eu 0 . 9 2 1 . 1 0 . 0 7 2 2
Gd 2 . 8 5 4 . 7 0 . 2 5 9
Tb 0 . 4 8 0 . 7 7 0 . 0 4 7
Dy 2 . 9 3 4 . 4 0 . 3 2 5
Ho 0 . 6 3 1 . 0 0 . 0 7 1 8
E r 1 . 8 1 2 . 9 0 . 2 1 3
Tm - - 0 . 0 3 0 0
Yb 1 . 7 9 2 . 8 0 . 2 0 8  -
Lu - - 0 . 0 3 2 3
a ) D a t a f r o m  T a y l o r a n d  M c L e n n a n ( 1 9 8 0 ) .
b ) D a t a f r o m  N a n c e a n d  T a y l o r  ( 1 9 7 6 ) .
c ) D a t a f r o m  T a y l o r a n d  G o r t o n  ( 1 9 7 7 ) .
Table 1. Rare Earth Elements (REE) in AAS, 
PAAS and Chondrites (in ppm).
RESULTS AND DISCUSSION 
Group I
Analytical results for Group I samples 
are presented in table 2. Chondrite- 
normalized REE plots are given in figure 1. 
These samples have slightly more relative 
depletion in Eu (average Eu/Eu* = 0.85) and 
are significantly more fractionated (average 
LREE/HREE' = 12.5) than Archean
sedimentary rocks (see below; Fig. 8).
Sample PCG213 (Beestons Formation, 
sandstone) is similar to other Group I samples 
(Fig. 2) but has very much lower total 
abundances ( 2  REE = 19.1 ppm) and a 
concave upwards heavy REE pattern 
(chondrite-normalized Gd/Yb = 0.90)
suggestive of some HREE enrichment. The 
low 2  REE is easily explained by a dilution 
effect of quartz (SiC>2 = 89.67%; Ferguson & 
Winer, this volume), which contains very low 
REE content. The cause of the HREE 
enrichment is less certain. Some heavy 
minerals (e.g. zircon) do contain highly 
enriched HREE patterns and could cause
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb
Figure 1. Chondrite - normalized REE patterns for samples from the lower part of the Pine Creek Geosyncline
succession (Group I).
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HREE enrichment (McLennan et al., 1979).On the other hand, the low concentrations of 
other heavy mineral-related trace elements (e.g. Th, U, Hf, Zr) in this sample, do not clearly 
support such a mechanism.
°  P C G  41
■ P C G  2 6
o P C G  213
G d  T b Dy Ho E rLa Ce Sm Eu
Figure 2. Chondrite - normalized REE patterns for selected samples from the Pine Creek Geosyncline. See text for
discussion.
Sample PCG41 (Masson Formation, grey slate; Fig. 2) is unlike any other Group I 
sample, and is very similar to typical Group II samples (see below). This rock is from the 
Rum Jungle area (131 °07'E, 12°56'S) and was originally included in the Golden Dyke 
Formation (Walpole et al., 1968). Stratigraphic relations are obscure in this region and not 
yet fully resolved (Needham et al., this volume). We remain unconvinced that this sample 
originates from the lower part of the Pine Creek Geosyncline sequence.
Group II
Results from Group II samples are given in table 2 and chondrite-normalized REE plots 
in figure 3. The Group II samples appear very similar to typical post-Archaean sedimentary 
rocks though some are even more depleted in Eu (average Eu/Eu* = 0.56 compared to 0.67 
for PAAS).
Sample PCG26 (Koolpin Formation, black shale) has a REE pattern similar to most 
Group II samples (Fig. 2) but has significantly less Eu than expected (Eu/Eu* = 0.32) and 
less fractionated HREE (chondrite-normalized Gd/Yb = 0.92). PCG26 also has 
significantly higher U than other Group II samples (U = 26 ppm) and this possibly could 
have affected the REE pattern (see below).
Clear differences between Groups I and II can also be seen in the concentrations of 
several other trace elements. Group II has more abundant Zr and Hf, less aboundant Nb(?), 
Ba, Tl, Mo and Bi and higher Th/U.
Nanambu Complex granitic rocks
Trace element results for the 3 samples from the Nanambu Complex are presented in
393
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb
Figure 3. Chondrite - normalized REE patterns for samples from the upper part of the Pine Creek Geosyncline 
succession (Group II). Note the negative Eu - anomaly in all of the samples.
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb
Figure 4. Chondrite - normalized REE patterns for granitic rocks from the Late Archaean Nanambu Complex. Note 
the negative Eu-anomalies in samples PCG325 and PCG327.
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table 3. Chondrite-normalized REE plots are 
displayed in figure 4. Cursory examination 
shows that there is a wide variation in trace 
element concentrations among these three 
samples (for example, Ba: 308-1396 ppm, Zr: 
68-219 ppm, La/Yb: 14.0-91.4 and Th/U: 
3.2-10.1). Such variations are typical for 
rocks of granitic composition (Hanson, 1978).
Of particular interest to this study is the 
observation that two of three samples 
(PCG325, PCG327) exhibit strong negative 
Eu-anomalies (Eu/Eu* = 0.46, 0.48). The 
K2O contents are 4.53 and 5.17 percent, 
respectively (Ferguson & Winer, this 
volume). The most probable mechanism of 
producing such Eu depletion is partial melting 
where feldspar (most likely plagioclase) is a 
residual phase. Plagioclase is not stable below 
about 40km (10 kb) suggesting that such 
melting would be a relatively shallow, intra- 
crustal process.
Cahill Formation
Trace element analyses for samples from 
the Cahill Formation are given in table 4. 
Chondrite-normalised REE plots are
presented in figure 5.
Sample PCG132 does not have 
anomalous U content (U = 1.4 ppm; Th/U = 
4.7) and thus represents a normal, 
Table 3. Trace element analyses of granitic rock unmineralized sample. REE distributions for 
samples from the Nanambu Complex, Pine Creek this rock are essentially intermediate between
Geosyncline (in ppm). Group I and Group II samples (cf. Table 5)
but the chondrite-normalised plot suggests it is most similar to Group II (Fig. 3). No clear 
distinction can be made on the basis of other trace element concentrations. Consideration of 
mctamorphic grades led Ferguson (this volume) to suggests that the Cahill Formation was 
part of the basement during Pine Creek Geosyncline sedimentation and may, in fact, belong 
to the Older Domain of the early Proterozoic North Australian Orogenic Province. This 
differs substantially from the interpretation of Needham el al. (this volume), who correlate 
the Cahill Formation with rocks of the Namoona Group to the west. Distinction on the basis 
trace element concentration is equivocal. In any event, we would never date or correlate any 
suite of rocks solely on the basis of chemical composition.
As U content increases in the Cahill Formation, REE patterns change drastically (Fig. 
5). There is a strong inverse correlation between U content and La/Yb (Fig. 6). For rocks 
with U £1900 ppm, there is also a correlation of U and 2  REE (see Fig. 5). Samples with 
U £  1900 ppm also show a chondrite-normalized maximum at Tb. No systematic variations 
in Eu behaviour are apparent. Sample 75080260 is an impure uraninite (uraninite + 
fourmarierite + secondary U and Pb minerals) and has a REE pattern which parallels other 
U-rich samples. Simple mixing calculations involving PCG132 and 75080260 indicate that 
uraninite alone cannot control the REE patterns of the U-rich samples. For example, a 
theoretical mixture corresponding to about 10% uraninite would yield 2R E E <300 ppm.
S a m p l e PCG325 PCG327 7 4 1 2 4 0 0 6 B
Th 17 21 6 . 2
U 5 . 3 3 . 5 0 . 6 1
Hf 2 . 2 3 . 2 7 . 8
Nb 16 5 . 4 13
Ba 3 0 8 352 1 3 9 6
Pb 35 53 12
Cs 3 . 7 1 . 4 1 . 3
Z r 6 8 77 2 1 9
T1 1 . 3 0 . 9 1 *
W * * *
Mo 1 . 5 * 0 . 5 9
Sn 7 . 5 0 . 8 3 1 . 4
Bi * * *
La 12 32 5 4
Ce 2 8 62 109
P r 3 . 4 7 . 6 13
r id 12 22 50
Spi 2 . 0 4 . 0 9 . 1
Eu 0 . 2 5 0 . 4 9 2 . 4
Gd 1 . 4 2 . 5 6 . 1
Tb 0 . 2 2 0 . 3 5 1 . 0
Dy 1 . 4 - 5 . 2
H O 0 . 3 1 0 . 2 3 1 . 0
E r 0 . 9 5 0 . 5 2 2 . 8
Yb 0 . 8 6 0 . 3 5 2 . 4
REE 6 3 . 1 1 3 4 . 0 2 5 6 . 7
Y 13 5 . 7 2 6
REE+Y 7 6 . 1 1 3 9 . 7 2 8 2 . 7
E u / E u * 0 . 4 6 0 . 4 8 1 . 0 0
L a / Y b 1 4 . 0 9 1 . 4 2 2 . 5
LREE/ HREE 1 0 . 6 2 1 . 8 1 2 . 2
T h / U 3 . 2 6 . 0 1 0 . 1
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Sa m pl e PCG52 PCG57 PCG66 7 5 0 8 0 1 80 PCG106 PCG132 PCG14G 7 5 08 0 2 0 0
Li t h o l o g y g r a p h . - c h i . - C h l . - q t z . c h l . - m u s e . -
q t z . - m i c a -  
c h l . - h e m .  
s c h i s t
c h l , - m u s c . - m u s c . - b i o t . - m u s e . - c h l . - i m p u r e
q t z . s c h i s t s c h i s t q t z . s c h i s t q t z . s c h i s t e t z . s c h i s t q t z . s c h i s t u r a n i n i t e
Th 10 13 20 15 18 G .6 9
U 1 2 , 5 8 0 1 , 9 0 0 455 4 8 , 2 3 0 229 1 . 4 3 , 7 2 0
Hf - - 5 . 6 4 . 3 4 . 6 3 . 8
:ib - 15 19 13 7 . 6
3a - 551 301 149 408
Pb - 80 - 39 26
Cs 3 . 1 1 . 6 2 . 4 4 . 1
Zr 187 220 116 64
T1 0 . 4 0 * 0 . 3 2 0 . 5 5
W 1 . 5 * 1 . 6 0 . 4 4
Mo 3 . 9 61 1 . 4 1 . 1
Sn 6 . 4 4 . 5 6 . 4 2 . 3
Bi 2 . 3 50 0 . 1 5 0 . 1 9
La 4 . 2 1 . 7 31 5 . 5 7 . 9 27 1 . 5 30
Ce 23 4 . 8 79 43 15 58 6 . 5 92
P r - - 12 11 1 . 7 6 . 2 - .
lid 32 6 . 2 52 77 6 . 5 21 7 . 9 200
Sm 28 4 . 2 10 79 1 . 7 3 . 9 5 . 8 214
Eu 11 1 . 4 1 . 6 24 0 . 2 0 0 . 3 0 2 . 1 61
Gd 47 6 . 6 8 . 4 153 2 . 0 3 . 1 13 277
Tb 13 1 . 8 1 . 5 55 0 . 4 7 0 . 5 3 3 . 6 83
Oy 73 10 8 . 8 329 3 . 6 3 . 2 23 490
Ho - - 1 . 8 55 0 . 8 4 0 . 5 8 - -
E r 23 3 . 6 4 . 8 128 2 . 7 1 . 7 10 144
Vb 19 2 . 9 3 . 7 89 2 . 6 1 . 5 7 . 9 127
TREE 2 9 4 . 8 4 7 . 2 2 1 5 . 8 1 0 7 5 . 5 4 6 . 0 1 2 8 . 0 8 9 . 3 1 8 5 3
Y 137 30 40 - 15 13 85 735
IREE+Y 4 3 1 . 8 7 7 . 2 2 5 5 . 8 - 6 1 . 0 1 4 1 . 0 1 7 4 . 3 2 5 8 8
E u/ E u* 0 . 9 4 0 . 8 2 0 . 5 4 0 . 6 3 0 . 3 4 0 . 7 1 0 . 7 5 0 . 7 8
La/Yb 0 . 2 2 0 . 5 9 8 . 4 0 . 0 6 2 3 . 0 1 8 . 0 0 . 1 9 0 . 2 4
LREE/HREE 0 . 4 6 0 . 6 5 6 . 1 0 . 2 6 2 . 5 1 0 . 5 0 . 3 6 0 . 4 5
Th/U 0 . 0 0 1 3 0 . 0 0 6 8 0 . 0 4 4 0 . 0 0 0 3 0 . 0 7 9 4 . 7 0 . 0 0 2 4 -
Table 4. Trace element analyses of samples from the Cahill Formation, Pine Creek Geosyncline (in ppm).
Sample 75080180, which has only about 5% U, contains 2  REE = 1075.5 ppm. Also, the low 
values of La, Ce, Pr and Nd seen in several U-rich samples cannot be achieved by such 
mixing.
There also appears to be a correlation among U, 2  REE and Pb and Bi (Table 3). The 
Pb content is obviously due to a radiogenic species formed from uranium. The Bi correlation 
is also predictable since there is commonly a strong coherence between Bi and HREE 
(Ahrens & Erlank, 1969). Another important observation is the total absence of systematic 
behaviour between U and Th as shown bv the strong inverse correlation between U and Th/U 
(Fig. 7).
IMPLICATIONS FOR CRUSTAL EVOLUTION
Table 5 summarises the important REE statistics for Group I and II rocks as well as 
AAS and PAAS (Nance & Taylor, 1976; Taylor, 1979; Taylor & McLennan, 1980). Group 
I samples are essentially intermediate between AAS and PAAS particularly with respect to 
the critical value of Eu/Eu* and, to a lesser extent, 2  REE, and can be considered evolved 
from AAS towards PAAS. Group II is essentially identical to PAAS except for slightly lower 
Eu/Eu*.
These findings are similar to those of McLennan et al. (1979) for the Lower Proterozoic 
Huronian succession of Canada (deposited unconformably on an Archaean basement 
sometime between about 2.6 and 2.2 b.y.). There, fine-grained sedimentary rocks at the base 
(McKim and Pecors Formations) have REE distributions which are similar to typical
3 9 7 .
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o 7 5 0 80 2 6 0  (uraninite)
•  75080180
1 . 000
o PCG 52
a PCG 148
♦ PCG 57■ PCG 66
☆  PCG 132□ PCG 106
Sm Eu Gd Tb Dy HoPr NdLa Ce
Figure 5. Chondrite - normalized REE patterns for samples from the Cahill Formation. See text for discussion.
Archaean patterns. Towards the top of the section, REE patterns change, resembling typical 
post-Archaean patterns in the Gordon Lake Formation.
McLennan et al. (1979) related these changes in REE patterns in the Huronian 
sequence to the emplacement of granitic rocks at the end of the Archaean (Kenoran orogeny 
in Canada). In the Pine Creek Geosyncline, comparable activity is preserved in the Rum 
Jungle, Waterhouse and Nanambu Complexes (Page et al., this volume). As post-Archaean 
erosion proceeded, continually greater amounts of Late Archaean granitic rocks were 
incorporated into Proterozoic sedimentary rocks. Late Archaean granitic rocks of the 
Superior Province seem commonly to have significant negative Eu-anomalies (McLennan el 
al., 1979). This, essentially episodic event, caused a fundamental change in the composition 
of the upper continental crust. If this intrusive event was part of an episode of crustal growth, 
it may have also caused a change in the bulk composition of the crust. In any regard, it must 
have resulted in significant vertical redistribution of many elements (Taylor & McLennan, 
1979).
Isotopic evidence supports such an episodic event in the upper crust at the Archaean- 
Proterozoic boundary. Veizer (1976) and Veizer & Compston (1976) made estimates, from 
carbonate rocks, of the Sr isotopic composition of seawater through geologic time. Archaean
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values were similar to those of the upper mantle (87Sr/86Sr)j values. An extremely sharp 
increase of the radiogenic component (approximate increase in (87Sr/86Sr)j ~  0.0025)
occurred between 2500-2100 m.y. followed 
by a gradual increase through the 
Proterozoic and Phanerozoic (to about 
(87S r/86Sr)i ~  0.710). This sharp increase 
was interpreted as being a result of 
significant fractionation of the crust 
associated with the Archaean-Proterozoic 
boundary. Sm-Nd systematics also suggest 
a major event at this time. Studies in the 
Canadian Shield (McCulloch & 
Wasserburg, 1978) indicate that much of 
the exposed Superior, Slave and Churchill 
structural provinces were formed in the 
period 2700-2500 m.y.
The Pine Creek Geosyncline samples 
fit such a model. If negative Eu-anomalies 
such as those found in the Nanambu 
Complex (Fig. 4), are common in all late 
Archaean granitic complexes of the Pine 
Creek Geosyncline, a greater contribution 
to Group II sedimentary rocks as compared 
to Group I can explain the REE patterns. 
Pine Creek Geosyncline samples 
La / Yb differ from the normally expected pattern
Figure 6. Plot of U versus La/Yb for whole rock 'n e^as  ^one respect. Group I samples are
samples (75080260 excluded) from the Cahill significantly depleted in HREE compared
Formation. Note the inverse correlation. t0 AAS, Group II and even PAAS (Fig. 8).
In a recent review of early Archaean rocks, O’Nions & Pankhurst (1978) noted that early 
Archaean granitic rocks from Greenland commonly have extremely depleted HREE 
patterns. Similar HREE-depleted patterns are very common in early Archaean rocks from 
the high-grade gneiss complexes (and related granitoids) of Barberton Mountain Land 
(Condie & Hunter, 1976; Glikson, 1976; Hunter et al, 1978) and Scotland (Drury, 1978). 
Unusually large proportions of these rocks in the provenance of Group I could easily explain 
the REE patterns. Also, if late Archaean K-rich granitic rocks are responsible for the change 
seen in the sedimentary REE patterns than the lower LREE/HREE seen in Group II is also 
predictable. Late Archaean K-rich granitic rocks are much less depleted in HREE than the 
early Archaean Na-rich varieties. Thus incorporation of the K-rich granitic rocks into the 
Lower Proterozoic sedimentary rocks would have the effect of lowering LREE/HREE.
URANIUM MINERALIZATION OF THE CAHILL FORMATION
The remarkable correlation of REE patterns and U in the Cahill Formation is most 
unusual and has not been previously observed. The REE patterns of the U-rich samples (Fig. 
5) are unlike any terrestrial or extraterrestrial rock. Several REE minerals, such as 
samarskite, fergusonite, xenotime, gadolinite, tholenite and kainosite, do display heavy rare 
earth enrichment (Herrmann, 1970). However, the occurrence of some of these should be 
associated with either Th, Zr coherence (samarskite), Nb coherence (samarskite, 
fergusonite), P coherence (xenotime) or selective enrichment of individual REE (gadolinite) 
(Herrman, 1970). None of these correlations are apparent (see Table 4). None of these
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Figure 7. Plot of U versus Th/U for whole rock samples from the Cahill Formation. The strong negative correlation 
indicates lack of coherence between U and Th distributions.
minerals have been previously reported for these deposits or discovered in the present study.
Although common rock forming minerals such as zircon and garnet commonly show 
HREE enrichment (Herrmann, 1970), concentrations of such minerals (from major and 
trace element data) could not have been high enough (if present at all!) to cause such 
patterns. The impure uraninite sample (75080180) does show a REE pattern parallel to other 
samples. Heavy REE enrichment in uraninite has also been reported by Zhirov el al. (1961). 
High REE content for uraninite, and particularly igneous uraninites, is very common 
(Berman, 1957). As pointed out above, however, uraninite alone cannot account for the REE 
patterns seen in many Cahill samples. It seems possible therefore that most of the rare earth 
elements are tied up in clay minerals and alteration products. Significant adsorption of REE 
on clays is a well documented phenomenon (Roaldset, 1973).
The observed REE patterns are suggestive of massive REE mobilization associated with 
U movement. The HREE are either selectively incorporated into the ore solution or 
selectively deposited with U. The depletion of LREE in some Cahill samples implies that 
REE are being leached from sedimentary rocks and would support a sedimentary source for 
REE. A HREE-depleted parent material has not been identified. If a very large volume of 
parent material were involved, a HREE depletion may not be apparent.
Transport of REE and particularly HREE during any metamorphic process is very 
uncommon. Collerson & Fryer (1978) suggested HREE mobility by soluble complexes 
during early Archean granulite metamorphism of granitic rocks. The abundances of CO2 in 
granulite fluid inclusions (Hollister & Burruss, 1976; Touret, 1977) led them to suggest 
carbonate complexing (in the form [REE(C0 3 )3]-3) as the important mechanism. This 
followed the early work of Kosterin (1959) who pointed out the importance of hydrothermal 
REE mobility by complexing with such anionic species as CO32-, S O 4 2- and halogens. The
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<
REE(ppm) LREE /HREE Eu/Eu*
PAAS 183 5.« 0.67
GROUP n j j ;  
GROUP I b '
196*39 10.7*2.1 
12.5*2.7
0.56+.06 
0 . G5+.08162*26
PCG26.
PCG213, PCG41.
AAS
d) Excludes 
b) Excludes
5.3 1.00
Table 5. Summary of important REE statistics for 
AAS, PAAS, Group 1 and Group II.
general importance of 
complexing of REE in 
hydrothermal solutions has also 
been discussed by Beus (1958), 
Mineyiv (1963), Tugarinov & 
Naumov (1973) and Parekh & 
Möller (1977). Fryer (1977b) 
appealed to REE mobility by 
carbonate complexing to explain 
HREE-enriched patterns in 
Precambrian iron-formations. 
Kerrich & Fryer (1979) 
concluded that REE 
concentrations in hydrothermal 
carbonate and quartz veins had 
been affected by carbonate 
complexing.
The lack of H f/U , Zr/U  
and Th/U coherence (see Fig. 7) 
strongly suggests that U was 
primarily transported in solution 
at U + 6 since U + 4 would be 
expected to behave in a similar 
fashion to Th+4 (i.e. -U+4 
complexes, such as phosphate 
complexes (Adams et al., 1959) 
can be discounted). The most 
likely form of transport would be complexing (Langmuir, 1978; also see Rich et al., 1977 for 
summary). Naumov (1959) discussed carbonate complexing for the transport of Ü (in the 
form [U0 2 (C0 3 )3]4-).
S m Eu Gd Tb Dy
Figure 8. PAAS - normalized REE diagram plotting the Fields of 
Group I and Group II samples. Also included is the average 
Archaean sedimentary rock (AAS). Note the depletion of 
HREE in Group I compared to AAS, Group II and even PAAS.
From the above discussion, it seems likely that U and the REE were transported together 
in a hydrothermal solution. Such a solution was probably at low’ temperature (Ferguson et 
al., this volume). Halogen complexing is unlikely as Th is also commonly transported in such 
a way (Kosterin, 1959). Sulphate complexing though possible, appears to be relatively 
uncommon and inefficient (Kosterin, 1959). Carbonate complexing is thus the most likely 
mechanism of transportation. This model is particularly attractive since solubility increases 
for the HREE, causing HREE enrichment in ore solutions and in late stage deposition 
(Kosterin, 1959).
Present understanding of REE and U chemistry allows us to place certain constraints on 
the properties of such a solution. REE and uranyl carbonate complexes are stable under 
relatively alkaline and oxidized conditions (Kosterin, 1959; Langmuir, 1978). From the 
uranium data it seems likely that the solutions had Eh greater than about 0.2V and pH 
greater than about 7.5 (Langmuir, 1978).
Conditions of deposition are less certain but lowering of pH, Eh and/or carbonate 
concentration would be efficient mechanisms. CO2 could be effectively decreased by a 
lowering of total pressure upon entrance of solution into vugs or cavities (Kosterin, 1959). 
This would be in accordance with the geological setting of the ores (Ferguson et al., this 
volume; Ewers & Ferguson, this volume). Adsorption of REE and U on clay minerals seems 
to be a viable mechanism for deposition (Ferguson et al., 1979; see above). If this is the case
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a pH greater than 5.5 is most conducive for U adsorption (Giblin, this volume) and an 
intermediate pH is best for REE, as suggested by the Eu data (Nowak, 1978).
Mobilization of REE by carbonate complexing should result in anomalous Eu behaviour 
since Eu + 2 would not complex in the same way as Eu + 3. This does not appear to occur (Fig. 
5, Table 4). It seems unlikely that either Eu + 2 was transported by another complexing 
mechanism (see above discussion) or Eu + 2 was oxidized to Eu + 3 since the ore-forming 
solutions only appear to have varied from moderately reducing to moderately oxidizing 
(Ferguson et al., this volume). An interesting possibility is th«tfEu + 2 was not present in the 
source material. If the source was sedimentary rocks, this suggests that Eu + 2 is oxidized to 
Eu + 3 during sedimentary processes, so that the Eu anomalies preserve a memory of igneous 
precursors.
COMPARISON WITH OTHER URANIUM DEPOSITS
Meaningful comparison of results from this study and other areas is hampered by a lack 
of high quality REE data for U-deposits in general. Brookins et al., (1978) found enriched Eu 
and Tb and 2  REE in U deposits of the San Juan Basin, New Mexico. They suggested 
deposition under low Eh conditions. The findings of Rimsaite (1977) for U-ores of the Rabbit 
Lake deposit, Saskatchewan, are interesting since this deposit has many characteristics which 
are comparable to the Pine Creek Geosyncline ores (Knipping, 1974). Rimsaite (1977) noted 
high 2  REE and low LREE/HREE in U-ores from Rabbit Lake (one sample has ~1900 
ppm Dy). In this deposit, however, there is an inverse correlation of 2  REE and U content. 
The significance of these data is uncertain since only three samples were analysed with U 3O 
g ranging from 59-74%. Also, in this example, REE are related to the presence of the REE 
phase, yttrilite (Y2(Th,U,Pb)Si20 7 ). The association of REE with Th (up to 800 ppm ThO 
2 in one REE-rich Rabbit Lake sample) is in marked contrast to the Pine Creek Geosycline.
PINE CREEK GEOSYNCLINE AS A NATURAL NUCLEAR REACTOR
The discovery of the natural reactor at Oklo, Gabon (Neuilly et al., 1972; Bodu et al., 
1972) raises the possibility that similar phenomena occurred elsewhere. The Pine Creek 
Geosyncline and Rabbit Lake deposits are obvious potential candidates for such an 
occurrence. Both deposits are found in rocks >1800 m.y. (Knipping, 1974; Page et al., this 
volume) and both deposits contain extensive concentrations of uraninite. In both cases, 
however, much of the uranium may have been deposited at a later stage (Knipping, 1974; 
Hills & Richards, 1976).
The REE are extremely important in understanding natural nuclear reactors (Bassiere 
et al., 1975; Dozal & Neuilly, 1975; Neuilly & Naudet, 1975; Loubet & Allegre, 1977). 
Sample 75080180 (U > 5%) was analysed by spark source mass spectrometry. Within the 
precision of the method, no abnormal isotopic ratios were found for 143N d / 146Nd or 147Sm/ 
l49Sm. It seems safe to conclude that no fission reactions associated with a natural reactor 
have affected this sample. The sub-parallel nature of REE patterns in all U-rich samples 
suggests that the observed REE distributions are a primary feature of the Cahill
Formation. Although isotopic analyses are unavailable for the Rabbit Lake deposit, it is 
unlikely that the samples reported by Rimsaite (1977; see above) were affected by fission 
from a natural reactor.
The HREE enrichment noted in the Pine Creek and Rabbit Lake deposits is in marked 
contrast with the Oklo deposit. Original (i.e. pre-reactor) REE concentrations at Oklo were 
similar to typical post-Archaean sedimentary rocks. Even the addition of reactor fission 
products does not significantly change the general shape of the REE pattern with the 
exception of Nd and Eu enrichments (Loubet & Allegre, 1977). Table 6 compares Gd and 
Gd/Nd for U-rich samples from Oklo (Bassiere et al.. 1975), Rabbit Lake (Rimsaite, 1977)
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and the Pine Creek Geosyncline (this study). The Oklo values are estimates of natural (i.e. 
pre-reactor) concentrations (Brassiere el al., 1975). The Pine Creek and Rabbit Lake
deposits have much higher Gd concentrations and Gd/Nd ratios.
CAHILL FORMATION RABBIT LAKE DEPOSIT 0KL0 D 8P0SIT
S am ple 7 5 0 8 0 1 8 0  7 5 0 8 0 2 6 0  A v e ra g e O ra n g e  o r e G re e n  o r e  Y e llo w  o r e A v e ra g e 61 2  1294  8 8 2 /1  A v e ra g e
Gd
Gd/N d
153 277  215
1 .9 9  1 .3 9  1 .6 9
8 55*
1 .2 6
6 7*  28*
2 .7 9  3 .5 0
317
2 .5 2
7 2 .5  8 . 5  6 .0
0 .0 7  0 .0 9  0 .0 9  0 .0 8
♦ v a l u e s e s t i m a t e d  f ro m  c h o n d n  te - n o r m a l  i z e d p l o t s .
Table 6. Comparison of Gd and G d/N d for ores from the Cahill Formation, Rabbit Lake Deposit and Oklo Deposit.
Sustaining a nuclear reaction is strongly dependent on the availability of free neutrons. 
Many elements effectively absorb neutrons, thus lowering the possibility of a sustained 
reaction. A convenient measure of an element’s ability to absorb neutrons is given by the 
thermal neutron absorption cross-section. Many of the heavy REE elements are extremely 
efficient absorbers. For example Gd. Sm, Eu and Dy have thermal neutron absorption cross 
sections of 40,000, 5,600, 4,300 and 1,100 barns (Anderson, 1971) respectively. For 
comparison, Cd and B, common commercial reactor moderators, have cross-sections of 2,500 
and 755 barns, respectively.
At this point, it is convenient to note that the Rabbit Lake deposit contains appreciable 
boron (up to 1,000 ppm), mainly in tournaline (Rimsaite, 1977). Boron analyses have not 
been reported for the Cahill Formation U-ores but tourmaline is a common accessory in the 
host rocks (Ewers & Ferguson, this volume). Also, B is found in appreciable quantities in the 
uraninite (Ferguson et al., this volume).
Based on the few samples analysed and lack of detailed knowledge of grade, volume and 
dimensions of ore zones for Rabbit Lake and Pine Creek deposits, we feel that detailed 
calculations of fission reaction probalities are unwarranted. However, the present knowledge 
of the geochemistry of the Rabbit Lake and Pine Creek Geosyncline U-deposits suggests that 
conditions were not favourable for initiation of a natural nuclear reactor.
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Rare earth element mobility associated 
with uranium mineralisation
Scott M. McLennan & S. R. Taylor
Research School of Earth Sciences, The Australian National University, Canberra A.C.T. 2600, Australia
Extreme rare earth element mobility has been discovered, 
associated with uranium mineralisation in metasedimen­
tary rocks of the Lower Proterozoic Pine Creek Geosync- 
line, Australia. The rare earth element patterns and other 
geochemical evidence point to movement of the rare earth 
elements and uranium by carbonate complexes in a low 
temperature, oxidising and alkaline solution.
Mo b i l i t y  of rare earth elements t REEs) in rocks is of interest 
as these elements are often used as petrogenetic indicators. The 
REEs seem to be immobile in most metamorphic conditions'“ . 
Some light rare earth element iLREE. La-Smi mobility has 
been detected during hydrothermal alteration (submarine 
weathering), spiiitisation and lower greenschist metamorphism 
associated with hydrothermal activity"4, Collerson and Fryer 
suggested heavy rare earth element iHREE. Gd-Lu) mobility 
due to carbonate complexing associated with granulite 
metamorphism and granite production in Archean terrains. 
Several studies have related HREE mobility to complexing 
(mainly carbonate complexing) in hydrothermal conditions* ". 
The present study examines the relationship between REE and 
uranium mineralisation in the Cahill Formation'* of the Fine 
Creek Geosyncline, Northern Territory, Australia.
Geological setting
The following summary of the geology and geochemistry of the 
Pine Creek Geosyncline is based on information given at the 
International Uranium Symposium on the Pine Creek Geosyn­
cline, Sydney, 3-8 June, 1979.
The Pine Creek Geosyncline (Fig. 1) comprises up to 14 km of 
mainly Lower Proterozoic metasedimentarv rocks (elastics and 
carbonates)15. These rocks were deposited between age limits of 
2,400 and 1,870 Myr (ref. 16).
Most of the important uranium deposits in the eastern part of 
the Pine Greek Geosyncline are contained within the Cahill 
Formation (Fig. 1). This unit consists primarily of quartzo- 
feldspathic and micaceous metasedimentarv rocks. A lower 
member (which contains most uranium-deposits) contains 
abundant carbonate and carbonaceous metasedimentarv 
rocks'5. The exact age of the Cahill Formation is in some doubt. 
Most workers'4'15'17 suggest it is of Lower Proterozoic age. 
Consideration of metamorphic assemblages'*, however, 
indicates that these rocks may have been buried deeper than can 
be explained by the known Lower Proterozoic sedimentary 
thickness and that an age as old as Archean cannot be excluded.
Uranium mineralisation, for the most part, is strata-bound 
and occurs in breccia matrix and vugs. In most samples, chlorite 
is ubiquitous, primarily as an alteration product151. The favoured 
model is that uranium deposition occurred from a low tempera­
ture fluid within collapse structures (caves, cavities) of an impure 
carbonate stratum which has undergone extensive solution and 
development of karst terrain7". Alternative models have been 
described by Binns etal.71 and Crick and Muir77. Ore deposition 
probably occurred between about 1,800 and 1,700 Myr irefs 20, 
23).
Most samples analysed in this study probably represent the 
insoluble residue (plus alteration products, ore minerals and so
on) after carbonate had been removed. Samples include fine­
grained metasedimentarv schists with a wide range of uranium 
concentrations (1.4-48.230 p.p.m.). The least altered sample 
iPCG132) is a muscovite-biotite-quartz schist iSiO; = 
77.44%). Modal mineralogy of the altered samples is rather 
variable although chlorite (primarily as an alteration product) 
and quartz are always dominant. Muscovite, graphite and 
haematite are also occasionally present, in most samples. One 
sample of massive, impure uraninite luraninite-*- 
fourmarierite-r secondary U and Pb minerals) was also 
analysed.
REE, Th and U data
Four samples were analysed for REE (excluding P r- Hoi by an 
ion-exchange/X-rav fluorescence technique and the remainder 
by spark source mass spectrometry. Details of techniques have 
been reported previously74'*5. Uranium and thorium concen­
trations on samples PCG52. PCG57 and PCG148 and U 
concentration on sample 75080180 were made available by 
John Ferguson of the Bureau of Mineral Resources, Canberra, 
Australia. Results of REE, U and Th analvses are given in 
Table 1.
As most of these rocks were originally sedimentary, it is 
conv enient to compare REE data to typical sedimentary rocks. 
Figures 2 and 3 plot the REE data normalised to Post-Archean 
Average Australian Sedimentary rock (PAAS)76.
Sample PCG132 has a U concentration 1 1.4 p.p.m.) and 
Th/U ratio (4.7) well within the range of typical sedimentary- 
rocks and may be considered a normal, unmineralised sample. 
The REE pattern of this sample (Fig. 2) is nearly parallel to 
PAAS, although low'er in total abundances by a factor of about 
0.5-0.7. Minor HREE depletion is apparent and there is no 
anomalous Eu behaviour relative to PAAS. The normal dis­
tribution of REE in clastic sedimentary rocks is extremely 
uniform and similar to PAAS*6. It is therefore likely that 
PCG132 is fairly typical of unaltered samples in the Cahill 
Formation.
Fig. 1 Location map of the Pine Creek Geosyncline. N.T., 
Australia. The approximate limits of the geosyncline are marked 
by dashed lines and the Cahill Formation is shown in black.
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Fig. 2 REE patterns, normalised to post-Archean average 
Australian shales PAAS)’8 for samples with low and inter­
mediate U content.
Samples with intermediate U content (PCG66. PCG106I 
show REE patterns (Fig. 2) which differ substantially from 
PAAS but there is no consistent trend. PCG106 is notable for 
LREE depletion and a negative Eu anomaly. Samples enriched 
in L'(PCG57. PCG148, PCG52, 750801S0) show consistent 
REE trends i Fig. ? . They are depleted in LREE and enriched in 
HREE. These samples show a PAAS-normalised maximum in 
the vicinity of Tb-Dy.
The impure uramnite sampie (750802601 has a REE pattern 
which parallels the U-rich samples (Fig. 3). Uraninue alone, 
however, cannot account for the REE concentrations of the 
other samples. Mixing calculations between PCG132 and 
75080260 result in about an order of magnitude excess in total 
REE (FREE) for most samples with U concentrations compar­
able to those resulting from the mixing proportions. Also. 
LREE depletion cannot be achieved by such mixing.
For all metasedimentary rock samples, there is an inverse 
correlation between U content and La:Yb ratio iFig. 4i. 
Samples with U s  1.900 p.p.m. show a correlation between U 
content and 2.REE 'see Fig. 3). Another interesting feature of 
these rocks is the complete lack of coherence betw een U and Th. 
as indicated by the strong inv erse correlation betw een U content 
and Th : U ratio iFig. 5). This is in strong contrast to the general 
behaviour of Th and U in most igneous and sedimentary rocks’ .
The remarkable correlation between REE and U content, in 
these samples, has not been previously observed. The REE 
patterns in the U-rich samples (Fig. 3) are unlike any terrestrial’ 
or extraterrestrial28 rock. Common rock forming minerals such 
as garnet and zircon do display HREE enrichment3, but they are 
not present in significant proportions and could not explain 
these REE patterns. No REE minerals have been identified in 
these samples which could explain such patterns and it is possi­
ble that much of the REE content was associated with the 
original clay minerals and alteration products (now chlorite, 
biotite. muscov ite, and so on). Significant adsorption of REE on 
clav minerals has been documented for Quaternary clays of 
Norway29.
REE mobility
The above observations indicate that massive REE mobility 
related to U movement, resulting in depletion of LREE and 
enrichment of HREE. occurs relative to the parent rock. The
Fig. 3 REE patterns, normalised to PAAS. for samples with high 
U content. Sample PCG132 shown for comparison.
Table 1 Trace element analyses of samples from ihe Car.:!! Formation, Pine Creek Geosynciine ip.p.m.)
Sample PCG52 PCG57 PCG66 75080180 PCG106 PCG132 PCG14S 75080260 PAAS?
Th 16 13 20 15 18 6.6 9 —
U 12.580 1,900 455 48.230 229 1.4 3.720 —
Th/U 0.0013 0.0068 0.044 0.0003 0.079 4.7 0.0024 —
La 4.2 1.7 3! 5.5 7.9 27 1.5 30 38 ’
Ce 23 4.8 '9 43 15 58 6.5 92 80
Pr — — 12 11 1.7 6.2 — — 8.9
Nd 32 6.2 5_2 77 6.5 21 7.9 200 32
Sm 28 4.2 10 79 1.7 3.9 5.8 214 5.6
Eu 11 1.4 1.6 24 0.20 0.80 2.1 61 1.1
Gd 47 6.6 8.4 153 2.0 3.1 13 277 4.7
Th 13 1.8 1.5 55 0.47 0.53 3.6 83 0.77
Dv 73 10 8.8 329 3.6 3.2 23 490 4.4
Ho — — 1.8 55 0.84 0.58 — — 1.0
Er 23 3.6 4 8 128 2.7 1.7 10 144 2.9
Yb 19 2.9 3.7 89 2.6 1.5 7.9 127 2.8
EREET 294.8 47.2 215.8 1075.5 46.0 128.0 89.3 1853
E u /E u 'f 0.94 0.82 0.54 0.68 0.34 0.71 0.75 0.78
La/Yb 0.22 0.59 8.4 0.062 3.0 18.0 0.19 0.24
Samples used—PCG52 (graphite-chlorite-quartz schist»; PCG57 ichlonte-quartz schist": PCG66 (chlorite-muscovite-quartz schist): 750801 SO 
(quartz-mica-chlorite-haematite schisti: PCG106 ichlorite-muscovite-quartz schist): PCG132 imuscovite-biotne-quartz schist); PCG148 imusco- 
vite-chlorite-quartz schist); 75080260 (impure uranimlei and PAAS. 
t Estimated.
+ Eu' is a theoretical value for no chondrite-normahsed Eu-anomalv.
$ PAAS— Post-Archean average Australian sedimentary rock; values from Nance and Taylor’8.
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LREE depletion shows that REE were leached from the sedi­
mentary rocks themselves. The HREE were selectively 
deposited with the U or selectively incorporated into the ore 
depositing solution. A HREE-depleted parent lithology has not 
been identified but slight HREE depletion was apparent in 
PCG132. the supposedly unaffected sample. If large volumes of 
parent rock were invoiced, a notable HREE depletion may not 
occur.
The nature of the solution which carried the REE and U can 
be determined from several lines of evidence. The lack of Th-U 
coherence (Fig. 5) strongly suggests that U was primarily trans­
ported in solution as U6*. Complexes of uranous ions with 
chlorides, sulphates, phosphates or fluorides are thus unlikely 
transporting mechanisms” '1“ . Transport of U as uranyl ions 
tUOs*), carbonate complexes, uranyl tluoride complexes or 
uranyl phosphate complexes are all possible Although several 
secondary uranium sulphate and uranium phosphate minerals 
have been reported from this area, lack of correlation between 
U and S, F or P32 suggests that sulphate, fluoride and phosphate 
complexes were unimportant.
REE mobility, under hydrothermal conditions, is also best 
accomplished by soluble complexes. The most common forms of 
complexing are sulphate, fluoride and carbonate*. Sulphate 
complexing generally results in major hydrothermal sulphate 
deposits5. Pseudomorphs after sulphate minerals have been 
recognised in this region but are thought to be of evaporitic 
origin". The lack of correlation between REE (La, Ce, Y j and F 
or S52 indicates that these complexes were probably unim­
portant.
It seems most likely that U and REE were transported 
together in a hydrothermal fluid as soluble carbonate 
complexes. Typical forms would be [UO mCOjE]4' and 
[REElCCEb]1'. Transport of U as simple uranyl ions may also 
have occurred but is not considered important since this species 
only predominates at relatively low pH ’". The shape of the REE 
patterns for the U-rich samples is easily explained by such a 
mechanism since complexes of the HREE tend to be more 
soluble than LREE5.
Strong supporting evidence for this mechanism is available 
from fluid inclusion studies33. Inclusions in quartz, thought to be 
associated with the main stage of L!-mineralisation (Type II 
inclusions of Ypma and Fuzikawa33) contain CO; as a major 
phase (along with H20  and CH4). The temperatures of such 
fluids are difficult to determine but very low (meteoric?) values 
have been suggested" '. REE and U carbonate complexes of the 
type suggested here would be best formed under alkaline ( pH S 
7.5) and oxidising (£ Hs0 .2 V ) conditions with temperatures 
below about 100 CC (refs 8, 30).
The conditions in which deposition occurred are more specu­
lative. Lowering of pH, £ fl and carbonate activity are all 
efficient mechanisms5. The activity of CO: would be effectively
Fig. 4 Plot of U content against La/Y b for whole rock samples.
<=- I ) ) ' :
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Fig. 5 Plot of U content against T h /U  for whole rock samples.
decreased by the lowering of total pressure on entrance of the 
ore-bearing solutions into cavities5. Such a mechanism would be 
in accordance with the karst environment suggested for these
ores1" 19.
Most other studies w'hich have appealed to carbonate 
complexes for mobilisation of REE have dealt with HREE 
depletion These studies, however considered fairly high 
temperature regimes, in a study of the Precambrian Sokoman 
iron-formation. Fryer " suggested REE mobility by caroonate 
complexes during diagenesis to explain HREE enrichment. It 
seems that HREE are preferentially retained in hydrothermal 
solutions and only removed in late stage and/or low tempera­
ture deposits. This is consistent with present understanding of 
chemistry of REE carbonate complexes5'9.
A final point which deserv es comment is the behaviour of Eu 
in these rocks. If soluble carbonate complexes are controlling 
REE distribution in these rocks, the Eu2* would be expected to 
behave very differently than REE3*. This should result in 
anomalous Eu behav iour with increasing U-content: this clearly 
does not occur (Fig. 3). It seems unlikely that a second major 
complexing agent was present (such as halogens and phos­
phates) allowing transport of Eu2* (see above discussion'. 
Equally unlikely is the possibility that Eu2* was oxidised to Eu * 
by the ore-forming fluid since other evidence2“ suggests that the 
fluid varied only from moderately reducing to moderately oxi­
dising. An intriguing possibility is that the source material 
contained only Eu’ *. If the source were sedimentary it may 
indicate that Eu2' can be oxidised to Eu3* during sedimentary 
processes and still preserve a memory of Eu-anomalies inherited 
from the igneous precursors'”'34' ’6.
These results have important implications for a wide range of 
geochemical problems. It is now quite clear that the REEs can 
be transported as soluble carbonate complexes in fluid phases. 
REE studies on rocks which have been significantly affected by- 
fluid migration and alteration must take this factor into account.
We thank J. Ferguson for samples and several U and Th 
analyses, Brian J. Fryer for four REE analyses and P. E. 
Osw ald-Sealy, J. M. G. Shelley , H. N. C. Cutten and \V. Sinclair 
for technical assistance.
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Abstract
The uniformity of REE patterns in clastic sedimentary rocks, 
due to the low solubility and short residence times of REE in 
the oceans, provides overall average upper crustal compositions for 
these elements. Effects of weathering, diagenesis and metamorphism 
are minor. Local provenance is recorded in first cycle sediments, 
but is rapidly erased with sediment maturity. The REE patterns 
in Archean sedimentary rocks indicate that the Archean crust was 
not highly evolved. It appears to have been dominated by basaltic 
and Na-rich granitic rocks (tonalites and trondhjemites). The REE 
patterns in Proterozoic and later sedimentary rocks indicate a major 
episodic break at the Archean-Proterozoic boundary. This is consistent 
with a change to a more differentiated upper crust, dominated by 
granodiorites, with negative Eu anomalies. These are inferred to 
result from intra-crustal melting, during which Eu is retained in 
a plagioclase-rich lower crust. Detailed descriptions of the change 
in REE patterns at the Archean-Proterozoic boundary are given for 
the Huronian (Canada) and Pine Creek Geosyncline (Australia) 
successions. Evidence from these, the Hammersley basin (Australia) 
and the Pongola (South Africa) sequence indicate that the change in 
upper crustal composition was not isochronous, but extended over 
a period from about 3.2 to 2.5 Aeons, Abundance tables are given 
for the Proterozoic continental crust, upper and lower crusts and 
the Archean crust. A model for continental crust evolution 
suggests that the evolution of the present crust began in the 
Archean and that most of the volume of the crust was formed from 
the mantle between 3.2 and 2.5 Aeons. This was followed closely by 
intra-crustal melting which produced the Proterozoic upper crust.
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1. Rare earth element patterns as indexes of upper crustal
composition.
Igneous rocks display a wide diversity of REE patterns, ranging 
from LREE depleted patterns typical of Mid-Ocean Ridge Basalts 
(MORB) to extreme LREE enriched patterns typical of many late stage 
granites. In contrast, mature clastic sedimentary rocks display 
very uniform patterns. For example, post-Archean shales from 
Australia, Europe and North America all show a remarkable uniformity, 
with La.T/YbXT typically about 9.5 ± 1.5 and Eu/Eu* = 0.65 ± 0.05 
(Fig. 1). The uniform nature of these patterns is due to three basic 
causes (1) The REE are transferred nearly quantitatively from source 
rocks into sediments (2) The solubility and residence time in sea­
water of the REE are low (3) Mixing processes during sedimentation 
are thorough. Some comments on these points occur in the text, but 
a first-order conclusion is that the REE patterns in mature clastic 
sedimentary rocks represent an overall average of REE patterns in 
upper crustal rocks exposed to weathering. Accordingly they provide 
a method of estimating upper crustal compositions.
2. Effects of weathering, diagenesis and metamorphism
It has been argued by many authors, and is the general theme of 
this paper, that REE in most clastic sedimentary rocks reflect the 
average REE pattern in the upper continental crust. Thus a basic 
question is whether weathering, erosion, deposition, diagenesis or 
metamorphism affect sedimentary REE patterns. It is clear that the 
overall effect of low temperature processes such as weathering and 
diagenesis must be minor. REE abundances in natural waters are very 
low; for example the total REE content of seawater is trivial, 
amounting to that present in the upper 0.2mm of ocean floor sediment 
(Haskin and Paster, 1979). The REE content in common chemical sediments
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such as carbonates and evaporates is also typically very low. Thus, 
from simple mass balance considerations, it is clear that the bulk 
of REE is transported into clastic sedimentary rocks.
Few studies are available on REE behaviour during weathering 
(see Ronov et al. 1967; Cullers et al., 1975; Nesbitt, 1979). It 
is generally agreed that there is an overall enrichment in total 
REE in weathering profiles but the nature and magnitude are difficult 
to assess. Of more importance to sedimentary REE studies is the 
possibility of fractionation during weathering. There may be an 
increase in La^/Yb^ in some weathering profiles (Ronov et al. 1967; 
Duddy, 1980) although Nesbitt (1979) recognized a profile with HREE 
enrichment. Ronov et al (1967) concluded the intensity of effects 
was related to the lithology being weathered. Thus rocks with 
unstable mineralogy during weathering, such as ultramafic and mafic 
volcanics, show considerably more effect than rocks with relatively 
stable mineralogy, such as granites and granodiorites. The transport 
of REE into sedimentary basins is primarily a result of mechanical 
rather than chemical transport and it is unlikely that 
redistribution of REE within weathering profiles would have a 
significant effect on REE patterns in well mixed sedimentary rocks.
Chaudhuri and Cullers (1979) examined the effects of diagenesis 
on Pliocene-Miocene sediments from the Gulf of ^«x'co. The REE
patterns were generally similar to typical post-Archean sedimentary 
rocks although enriched in ZREE. Some variations in IREE and 
La^/Yb^j (Eu/Eu* remained constant) were observed but not related to 
diagenetic processes. The authors concluded the REE characteristics 
were mainly controlled by provenance considerations.
Mobility of REE has been noted during some types of metamorphism 
where very high fluid-rock ratios are encountered, such as in
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submarine weathering, spilitization and other hydrothermal activity 
(Floyd, 1977; Heilman and Henderson, 1977; Humphries et al., 1978; 
Ludden and Thompson, 1978). The possibility of hydrothermal 
processes affecting sedimentary rocks is considerably less than 
for igneous rocks such as oceanic basalts, although notable 
exceptions occur (McLennan and Taylor, 1979). A number of studies 
dealing with regional metamorphism have considered rocks from 
greenschist to granulite facies and detected no or very little REE 
mobility (Green et al., 1969, 1972; Cullers et al., 1974; Muecke 
et al., 1979). Others have suggested mobility only in the very 
highest grades of metamorphism, such as granulite grade (Frey, 1969; 
Collerson and Fryer, 1978).
3. Provenance
The effects of provenance on sedimentary REE patterns was 
recently evaluated by Bhatia and Taylor (1981). REE patterns in first- 
cycle sediments derived from a single lithology faithfully mirror 
their parental source rocks. Thus post-Archean sedimentary rocks 
derived from island-arc volcanics have ''andesitic1' REE patterns, 
with no Eu anomaly (e.g. Baldwin Formation; Nance and Taylor, 1977) 
while Archean sediments derived mainly from sodic-rich granites or 
felsic volcanic show steep LREE enriched patterns (Nance and Taylor, 
1977; Jenner et al., 1981; unpublished data, this laboratory). 
Greywackes derived from island arc volcanics, from granites and from 
recycled sedimentary rocks all reflect the characteristics of their 
source material (Bhatia and Taylor, 1981). Shales from the same 
sequence tend towards typical average post-Archean REE characteristics 
with increasing recycling.
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Thus, in evaluating crustal abundances and evolution of the 
REE, it is necessary to choose material derived from recycled 
sedimentary rocks. Where first-cycle sediments are sampled, they 
should be derived from a fairly complex provenance (determined 
from sandstone and conglomerate petrography).
4. The Europium anomaly
The ultimate cause of the distinct behaviour of europium is
34-due to the differences in ionic radius between Eu (r = 1.066A)
and Eu^+ (r = 1.25A). (radii for 8-fold CN, Shannon, 1976). Under
24-reducing conditions, Eu enters different lattice sites to the
24-other REE, closely mimicing the behaviour of Sr (r = 1.26A), during 
crystal-liquid fractionation.
In post-Archean sedimentary rocks, a depletion in Eu, relative 
to the other REE,is commonly observed. Is this Eu depletion of 
surficial origin, due to surface oxidation-reduction processes, or 
does it reflect an inherent property of upper crustal rocks?
Under the present oxidising conditions at the surface of the 
Earth, Eu is probably trivalent. The introduction of an oxidising 
atmosphere at about 2,3 Aeons does not appear to have a discernible 
effect on the behaviour of Eu. Thus Archean sedimentary REE patterns 
have no anomaly (see section 5) while post-Archean sedimentary 
patterns show significant REE depletion. This is the reverse of 
that expected from the introduction of an oxidising atmosphere.
Accordingly, we conclude that the observed Eu depletion in 
post-Archean sedimentary rocks is not due to surficial processes, 
but is inherited, and is an inherent property of the post-Archean
upper crust.
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Is the Eu depletion of crustal or mantle origin? The continental 
crust is ultimately derived from the mantle (Taylor, 1967) but no 
common igneous rocks derived from the mantle exhibit consistent 
systematic Eu anomalies. Localised depletion or accumulation of 
plagioclase accounts for the exceptions. Calcium-rich plagioclase is 
not a stable phase at pressures exceeding 10 kb. (about 40 km depth). 
Accordingly Eu enrichment or depletion in the Earth is a crustal or 
shallow mantle process. The Eu depletion observed in upper crustal 
rocks is thus likely to be intra-crustal in origin (since plagioclase 
is the only common mineral which accommodates divalent Eu).
5. REE patterns in Archean sedimentary rocks
The REE patterns in Archean sedimentary rocks are somewhat less 
uniform than those typical of post-Archean times, and this provides 
some interesting information on the composition and nature of the 
Archean crust. An average pattern from the Yilgarn Block, Western
Australia is shown in Fig, 1, This has an La^/Yb^ ratio of 4.5 and
has no Eu anomaly (Eu/Eu* ~ 1). The total REE abundance is about 70pp<^ - 
As noted earlier, some Archean sediments have steep LREE enriched 
patterns indicating local derivation from acidic parent rocks, others 
have flat REE (e.g. Akilia and Malene supracrustal rocks) indicating 
a basaltic parent. Others (e.g, Yellowknife, Jenner e_t al, 1981)
which sample a fairly wide area, have La^/Yb^ ratios higher than
average. These characteristics have been discussed at length in 
several papers (Jenner ejt aJ^ , 1981, Taylor and McLennan 1981a,b,c).
There appears to be no doubt that the Archean sedimentary rocks are 
providing a widespread sampling of the exposed Archean crust (Taylor 
and McLennan 1981a), and that granitic terrain, as well as greenstone 
belts^ are being adequately sampled and represented (Taylor and McLennan 
1981a,b,c). Accordingly we are able to use the Archean sedimentary REE
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patterns as indicators of Archean upper crustal composition and 
environment.
The REE patterns in Archean sedimentary rocks resemble those of 
modern island-arc volcanic rocks, but may also be derived from a 
bimodal basaltic-tonalitic (trondhjemitic) suite. This question 
has been extensively discussed (Taylor and McLennan 1981a,b,c).
Various observations favor the latter alternative. The changes in 
La/Yb ratios of the patterns and the occasional presence of end 
members favor the bimodal hypothesis rather than the island-arc 
model for the Archean crust. Taylor (1977) attempted to use Ni-Cr 
relationships to distinguish between the two models, since a basaltic 
(tholeiitic) component would contribute more Ni and Cr than an island- 
arc model (at least from modern analogues). More data (Fig. 2) has 
allowed some resolution of this problem (Taylor and McLennan 1981c). 
Archean sedimentary rocks appear to be inherently richer in Ni and Cr 
than do those of post-Archean time. It is, of course, more difficult 
to derive crustal averages from these two elements, with their complex 
behaviour during weathering, erosion and sedimentation, than is the 
case for relatively insoluble elements such as the REE (and Th) 
(McLennan and Taylor 1980a), Nevertheless, Ni and Cr data for the 
Archean rocks show an overall enrichment, consistent with the bimodal 
model.
Further caveats need to be borne in mind. Archean sediments 
are more likely to be one-cycle greywackes since the continental 
nuclei may be small and subject to rapid erosion.
Were the Archean continental nuclei separate or joined in a 
primitive Pangaea? Two observations support the concept of small 
discrete nuclei, separated from one another. The first is that REE 
patterns in Archean sedimentary rocks show more provinciality than
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do those of post-Archean time. Thus the Yellowknife sequence has 
higher La/Yb ratios than the West Australian rocks. If the Archean 
continental crust formed one coherent mass, more uniformity should be 
observed. A second observation is that the change from Archean to 
post-Archean patterns is not isochronous but occurs in differing 
regions over periods ranging from 3.0 - 2.3 Aeons. If these regions 
were adjacent, sedimentary mixing processes would have eliminated 
these distinctions (see Section 3).
The absence of a negative Eu anomaly in Archean sedimentary rocks 
provides further evidence about Archean crustal evolution. The 
production of K-rich granites, ignimbrites, etc. which result from 
intra-crustal melting must have been at a minimum. These rocks 
typically have a significant, sometimes extreme^depletion, in Eu.
Such rocks, although present, must constitute less than 10% of the 
exposed Archean crust. Amounts in excess of 10% would be reflected 
by a discernible Eu depletion in the Archean sedimentary rock record.
A final conclusion from the REE evidence in Archean sedimentary 
rocks is that substantial amounts of the Archean crust must have been 
above sea-level (cf. Hargraves, 1976).
6. REE patterns in Proterozoic and Phanerozoic sedimentary rocks
The preceding sections have dealt principally with the Archean 
record. This provides a background against which we now examine 
the REE record in Proterozoic sedimentary rocks. Phanerozoic data 
are included as well as Proterozoic, since the REE patterns in 
sedimentary rocks show no significant change between these eras. 
Three principal differences exist between REE patterns typical of 
Archean and of Proterozoic sedimentary rocks. The patterns are 
generally more uniform (see section 2 however), the La^/Yb^ ratios
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are high, averaging 9.5 (± 1.5) and there is a pronounced and uniform 
depletion in Eu (Eu/Eu* = 0.65 ± 0.05). These characteristics have 
been noted and commented upon in several papers (e.g. Nance and Taylor, 
1976; Taylor 1979; Taylor and McLennan 1981a,b,c; Jakes and Taylor 
1974). These data have been used to establish the upper crustal 
composition for post-Archean time (Taylor and McLennan 1981a,b,c).
The change from Archean to post-Archean patterns, although not 
isochronous (see Section 6) is irreversible. Post-Archean REE patterns 
swamp those derived from the Archean crust. Accordingly, the 
sedimentary REE data are consistent with a major increase in continental 
crustal area at that time.
7. The Archean-Proterozoic Boundary
Thus far, the differences between Archean and post-Archean 
sedimentary rocks have been emphasized. We now address the cause of 
the change in REE patterns. The geochemistry of Early Proterozoic 
sedimentary rocks has been examined in some detail in this laboratory 
and elsewhere (McLennan jrt al_. , 1979; McLennan and Taylor, 1980b) for 
several years and a reasonable model of REE evolution has emerged.
In all cases, the change in REE patterns in the upper crust 
(represented by the sedimentary data) appears to be related to 
widespread potassic magmatism (eg. granites, granodiorites, rhyolites, 
ignimbrites) of intracrustal origin. The change in REE patterns in 
sedimentary rocks is recorded in Early Proterozoic successions, which 
record the unroofing and erosion of these Late Archean upper crustal 
additions. As emphasized below, the change in upper crustal composition 
<s. not isochronous on a world-wide scale but is represented by a 
rather protracted series of events lasting from about 3.2 - 2.5 Ae.
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The Huronian The Early Proterozoic Huronian succession, on the 
north shore of the Lake Huron, Canada (Fig. 3) has received a great 
deal of attention since 1845, when Sir William Logan recognised the 
"great unconformity" between Archean basement and what is now termed 
the Gowganda Formation. This sequence of mainly clastic sedimentary 
rocks reaches a maximum thickness of about 12 km and was deposited 
sometime between about 2.6 - 2.2 Ae (Van Schmus, 1965; Fairbairn 
et_ a^ l, 1969; Gibbins and McNutt, 1975). The actual time of sediment­
ation was likely much less than this.
The geochemistry of this sequence of sedimentary rocks has been 
examined, primarily by Grant Young and his coworkers (Young, 1969; 
1973; McLennan et_ al_. , 1979a,b). For the purposes of this discussion, 
the REE studies of McLennan et^  jLL. (1979a,b) are most significant. 
Table 1 lists the average chemical composition of several selected 
fine-grained units in the Huronian succession. The Gowganda 
Formation (tillite and glacially derived mudstone) is not considered 
since its unusual chemical composition is related to a glacial origin 
(Young, 1969, McLennan et al. 1979a). The Espanola Formation is the 
only Huronian formation characterized by abundant carbonate material 
(Young, 1973). The data in Table 1 (from McLennan ert al., 1979b) are 
for the middle siltstone unit which contains the least amount of 
carbonate (generally <15%) and therefore most comparable to other 
Huronian mudstone units.
Average REE patterns of the various formations are shown in 
Figure 4 and the gradual change in REE characteristics from the 
bottom to top of the sequence is obvious. The REE patterns at the 
base (McKim, Pecors Formations) have Archean-style patterns. At the 
top (Gordon Lake Formation), REE patterns are identical to those of 
typical post-Archean sedimentary rocks. Although not displayed in
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the figure, the Espanola Formation data are in full agreement with 
such an evolutionary change.
The Ni and Cr data are also consistent with such an interpretation. 
The abundances of these elements in the lower formations (McKim,
Pecors) are much higher (average Cr ~160 ppm; Ni ~80 ppm) than in the 
upper units (Table 1) and in post-Archean sedimentary rocks in general 
(Fig. 2).
Pine Creek Geosyncline Early Proterozoic sedimentary rocks of the 
Pine Creek Geosyncline have recently been the subject of intensive 
study due to the presence of large uranium deposits in this area 
(Ferguson and Geoleby, 1980). This sequence is about 14 km thick 
and was deposited between about 2.5 - 1.9 Ae with the most likely 
time of deposition at about 2.2 - 2.0 Ae (Page et al., 1980).
Exposure is very poor so that the stratigraphy in any given area 
and general stratigraphic correlations are less well known than is 
the case for the Huronian succession (e.g. Needham e_t a]L. , 1980).
McLennan and Taylor (1980b) examined REE characteristics of a 
selected suite of fine-grained sedimentary rocks and were able to 
divide the suite into two groups on the basis of REE geochemistry 
(Table 2, Fig. 5). Group I, from the lower part of the succession, 
has Archean-like REE patterns although the La^/Yb^ is higher than 
expected, probably due to a higher contribution of Na-rich granitic 
rocks in the source (McLennan and Taylor, 1980b). Group II, from 
the upper part of the sequence has REE patterns indistinguishable 
from normal post-Archean sedimentary rocks. Thus the trends in REE 
patterns for the Pine Creek Geosyncline are consistent with those
from the Huronian succession.
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Hamersley Basin Early Proterozoic sedimentary rocks of the Mount 
Bruce Supergroup (up to >20 km thick) are well preserved in the 
Hamersley Basin of Western Australia (Trendall, 1970, 1976, 1979). 
Although noted for its large deposits of banded-iron formations, 
this sequence consists of mainly clastic sedimentary rocks and 
volcanics. The most reliable isotopic date on the sequence itself 
(W. Compston, pers. comm.) suggests an U-Pb zircon age of 2.49 - 2.47 
for volcanics and tuffs from the Hamersley Group.
We have examined the geochemistry of fine-grained sedimentary 
rocks from throughout this sequence (unpublished data, this laboratory). 
The overall picture suggests that this sequence is characterized by 
post-Archean sedimentary REE patterns. Thus these data are also 
consistent with a major break in REE patterns at the Archean-Proterozoic 
boundary. In this case the gradual evolution in REE characteristics 
is not recorded.
Late Archean of South Africa The widespread K-rich granitic magmatism, 
invoked for changing sedimentary REE patterns at the Archean-Proterozoic 
boundary, occurred much early (V3.2 - 3.0 Ae) in South Africa (Cloud, 
1976; Young, 1978; Anhaeusser and Robb, 1980). Thus a suitable test 
for the cause of changing REE characteristics is to examine late Archean 
sedimentary rocks from this area which were deposited after the wide­
spread K-rich acidic igneous activity. We have examined sedimentary 
rocks from the ca. 3.0 Ae Pongola sequence (unpublished data, this 
laboratory). Although some diversity exists post-Archean REE patterns 
appear common.
Non-sychroneity of Archean-Proterozoic Boundary Such data clearly 
demonstrate that the change in upper crustal composition was not 
isochronous on a world-wide scale but instead, was a rather protracted
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event lasting from about 3.2 - 2.5 Ae. The fact that a significant 
change in upper crustal composition is recorded at different times in 
different regions reinforces the conclusion that Archean crustal 
blocks were discrete and widely separated, for otherwise a smearing 
out of the change in REE patterns would result. The data so far 
indicate in a given region that the change is fairly rapid. Rather 
small amounts of K-rich granitic or volcanic rocks (>10%) will impose 
a detectable Eu depletion in the sedimentary record. Thus the 
provenance for the Pongola Supergroup must have been isolated from 
that of the Pine Creek Geosyncline.
The use of REE patterns to date this break must be accompanied 
by some caveats. Thus first-cycle orogenic greywackes cannot
be used, since they would record "Archean-style" patterns and indeed 
do (e.g. Devonian Baldwin formation, Nance and Taylor 1977, Recent 
deep-sea trench sediments: M. Perfit pers. comm).
8. Proterozoic crustal composition
The composition of the Proterozoic upper crust appears to be 
essentially similar to that of Mpresent-dayM upper crust. REE 
patterns show no detectable change, except for a possible increase 
in total abundance, for about 2500 m.y. The increase in total REE, 
without change in slope, is most readily accounted for by sedimentary 
recycling (Veizer and Jansen, 1979). The upper crustal composition 
(Table 3) is close to that of granodiorite*
It has been extensively evaluated in several recent papers (Taylor and 
McLennan 1980a,b; Taylor 1979) and this discussion will not be repeated 
here.
In comparison with the Archean upper crust, it is enriched in 
large ion lithophile elements (e.g. K, Rb, Th, U, REE, except Eu, etc)
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and depleted in ferromagnesian elements (notably Ni and Cr) (Fig. 2). 
These differences are consistent with an enrichment of the upper 
crust in "granitic” constituents in post-Archean time, in contrast to 
a much less fractionated upper crustal composition in Archean time.
A corrollary is that intra-crustal melting was minor in the Archean.
Total crustal composition The REE patterns in sedimentary rocks 
provide evidence only for the composition of the upper crust exposed 
to weathering, erosion and sedimentation. The composition for the 
Archean upper crust may well be typical of the whole, since intra- 
crustal melting, and the production of K-rich granites, appears to 
have been minor. The crustal thickness, however, appears to have 
been-about 40 km, at least in the late Archean (3000 m.y. ago)
(Newton, 1978, Tarney and Windley 1977).
The Proterozoic upper crust cannot be representative of the 40 km 
thick continental crust, because of heat-flow and element balance 
arguments, which are well known (eg Taylor and McLennan 1981a,b;
Taylor 1967 etc). The total crustal composition must be capable 
of generating the upper crust by intra-crustal melting (unless one 
wishes to derive K-rich granites and granodiorites from the mantle, 
a view incompatible with much petrological and geochemical evidence).
In addition, the composition must satisfy various geophysical 
constraints such as heat flow, density etc. The values in Table 3 
for total crustal composition give a total crustal heat flow of 
0.032 w/m2 (0.76 HFU) for a 40 km thick crust. For a total continental 
heat flow of 0.053 w/m2(1.2 HFU) (Lee, 1970) the average mantle 
derived heat flux accordingly is 0.0183w/m2 (0.44 HFU) for a 40 km 
thick crust, or 0.0263w/m2 (0.63 HFU) for a 30 km thick crust.
(M. Harrison, pers. comm.), A popular model for the present-day
total crustal composition is that it is close to that of average island-
arc volcanic rocks (Taylor, 1967). This view, which is supported 
by the uniformitarian observation of a viable present-day source, may 
be appropriate for Phanerozoic additions to the crust (see section 8) 
but may not be a useful model for the massive crustal additions 
occurring around the Archean-Proterozoic boundary. Much research is 
needed on the problems both of deriving a large fraction of the 
continental mass, and of causing intra-crustal melting to produce 
upper and lower crusts of distinct compositions, between 3.2 and 2.5 
Aeons. Thus the island-arc model may not be appropriate for the 
Proterozoic bulk crustal composition. However, the overall total 
crustal composition may not be very different from that deduced 
from the island-arc model since the Archean crustal composition is 
not really different except for the higher content of Ni and Cr 
(Table 3). Accordingly we use the composition established by the 
island-arc or "andesite" model, while recognising its limitations.
Lower crustal compositions The problems of making independent 
estimates of lower crustal compositions are serious. No large scale 
averaging process, such as sedimentation, is available (except 
perhaps seismic velocity data), The material which is available 
(e.g. high grade granulite terrains, or xenoliths) might well be 
atypical and provide a wide diversity of compositions. The models 
for total crustal compositions given here (Table 3) provide some 
predictions, in that average lower crustal material should contain 
positive Eu anomalies, complementary to the negative upper crustal 
values, Sm/Nd ratios should be near chondritic (0.325) and K/Rb
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ratios should be about 600,
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9. A model for continental crustal evolution
The continental crust of the Earth is ultimately derived from 
the mantle, and accordingly provides some constraints on mantle 
composition. Table 3 provides several basic sets of data relevant 
to the problems of crustal composition. The first column provides 
estimates of the composition of carbonaceous chondrites, expressed 
on a volatile-free basis. The resemblance between these, and solar 
abundances, provides the justification for regarding them as close 
to the composition of the original solar nebula. The primitive 
terrestrial mantle (= present mantle plus crust) given in Table 3 
shows that the Earth is depleted in volatile elements such as Rb 
and K, relative to the solar nebula.
The composition of the core is not included. It is considered 
that the core forming siderophile elements were accreted directly 
as metal, and are not relevant to the present discussion. The 
enrichment of the large ion lithophile elements in the continental 
crust is well displayed in column 4, which shows, for example, that 
nearly 36% of the potassium in the Earth has been concentrated in the 
continental crust.
There is no chemical or isotopic evidence for an early (pre-4 
aeon) crust on the Earth, Such a crust would have been destroyed by 
the pervasive meteoritic bombardment, which occurred throughout the 
Solar System, from Mercury, to the satellites of Jupiter and
Saturn. However, many theories for the formation of the Earth call 
for an early melting episode. Rapid early core formation, which 
apparently occurred should release enough energy to melt the silicate 
mantle. The evidence that at least half of the moon was melted lends 
credence to such early melting scenarios. Such melting, and subsequent 
crystallisation, would be accompanied by removal of the incompatible
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elements to outer zones of the Earth. The evidence for such an 
event is lacking. This curious situation calls for investigation. 
Possibilities include very rapid recycling due to vigorous convection 
driven by combinations of higher heat flow (three times the present 
value)^ initial accretional energy and temperature rise from core 
formation.
Figure 6 provides a schematic model for the growth and evolution 
of the continental crust, which is consistent with the previous 
discussion.
The earliest records of "continental” crust in Greenland 
(e.g. McGregor, 1973; Moorbath, 1975, 1977, 1978) are consistent with 
small nuclei. A reasonable model for the growth of the Archean 
crust is similar to that of Tarney et_ al_ (1976). Basalts are derived 
from the mantle by partial melting. As piles of basalt accumulate, 
they sink back into the mantle, perhaps by a primitive form of sea­
floor spreading. Formation of eclogite occurs at depth. Partial 
melting of this produces the tonalite-trondhjemite sodium-rich 
granites with typical LREE enriched patterns. Minor andesitic 
volcanism also occurs. The sedimentary rocks record an average of the 
bimodal tholeiitic-tonalitic suite, with local variations depending 
on the ratio of basic to acidic rocks present (e.g. Yellowknife). 
Intra-crustal melting is minimal. The crust slowly increases in 
volume throughout the Archean.
Beginning at about 3200 m.y., and occurring at different times 
in different regions, a major episodic change in the growth of the 
crust occurs. Two distinct, but probably related events occur.
The first is a massive increase in the volume of material added from 
the mantle to the crust. The second event is that intra-crustal 
melting, with the production of "granitic" (s.l.) magmas occurred.
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These rose into the upper crust and formed the presently observable 
upper crust dominated by granodioritic average compositions. During 
this intra-crustal melting episode, Eu was retained in plagioclase in 
the lower crust, producing the characteristic Eu depletion, as recorded 
by the sedimentary sampling of the upper crust.
The large growth of continental material at the Archean-Proterozoic 
boundary causes massive changes to sea-floor spreading regimes. The 
buoyant continental masses form barriers to the sea-floor spreading 
and basalt-sinking regime typical of Archean time. Modern style 
linear subduction regimes are initiated, and calc-alkaline volcanism 
becomes the predominant method of producing evolved siliceous material 
from the mantle. It now provides the majority of new additions to 
the continents, although its contribution is probably less than 20% 
of the total continental mass.
Major unresolved problems are (a) what was the type of igneous 
activity which led to the massive additions to the continents at the 
end of the Archean; (b) what was the source of the heat which produced 
the massive intra-crustal melting, forming a granodioritic upper crust 
and a depleted lower crust at about the Archean-Proterozoic boundary?
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TABLE 1 Average chemical composition of Huronian fine-grained sedimentary rocks.
McKim
X
Formation 
6. d. n
Fecors Formation 
x s. d . n
Espanola Formation 
(siltstone member) 
x 6.d. n
Serpent
X
Formation 
6. d . n
Gordon Lake 
Formation 
x s. d. n
Si02 59.60 2.98 8 61.06 3.95 13 52.95 7.36 4 72.30 - 2 69.03 8. 52 7
Ti02 0.77 0.07 8 0.76 0.12 13 0.45 0.05 4 0.46 - 2 0.39 0.09 7
A12°3 20.42 1.71 8 19.58 2.83 13 12.42 1.01 4 12.66 - 2 15.37 4.43 7
FeO 6.14 1.19 8 6.42 1.21 13 4.13 0.56 4 3.49 - 2 3.24 1.25 7
MnO 0.06 0.01 8 0.06 0.02 13 0.13 0.06 4 0.02 - 2 0.02 0.01 7
MaO 2.20 0. 36 8 2.73 0.32 13 5.46 1.70 4 1.41 - 2 1.61 0.62 7
CaO 0.72 0.39 8 0.68 0.30 13 7.56 2.65 4 0.95 - 2 0.25 0.28 7
Na 0 1.33 0. 44 8 1.59 0.58 13 1.44 0.63 4 1.75 - 2 1.30 1.07 7
,7 o 3.79 0.87 8 3.55 0.87 13 3.17 0.74 4 4.16 - 2 4.96 2.48 7
P2°5 0.08 0.02 8 0.10 0.03 13 0.09 0.02 4 0.09 - 2 0.12 0.18 7
L.O.I. 4.31 1.07 8 4.01 0. 34 13 11.24 4.18 4 2.13 - 2 3.25 0.84 7
KjO/Na^O 3.2 1.2 8 2.6 1.4 13 3.0 2.4 4 3.7 - 2 23 34 7
Rb 147 43 8 139 34 13 142 29 4 - - - 201 92 7
Ba 830 199 8 838 296 13 1254 859 4 - - - 1037 533 7
Sr 160 82 8 146 88 13 83 24 4 - - - 25 15 7
Zr 152 39 8 186 25 13 129 46 4 - - - 284 96 7
Cr 161 50 8 163 46 13 103 43 4 - - - 56 24 7
Ni 75 12 8 81 18 13 43 6 4 - - - 14 7 7
Cu 65 27 8 71 36 13 24 22 4 - - - 46 96 7
2n 91 26 8 90 35 13 42 16 4 - - - 18 6 7
Li 37 17 8 35 16 13 52 6 4 - - - 19 7 7
Ga 26 3 8 24 4 13 18 3 4 - - - 7
La 29 15 5 36 20 7 28 8 4 33 27 3 49 23 6
Ce 67 27 5 82 39 7 60 17 4 77 57 3 115 43 6
Nd 29 9 5 34 13 7 24 7 4 30 21 3 51 20 6
Sm 5.7 1.4 5 6.5 2.1 7 4.3 1.3 4 5.4 3.4 3 9.3 3.6 6
Eu 1.5 0.3 5 1.6 0.4 7 0.93 0.28 4 1.2 0.7 3 1.8 0.8 6
Gd 5.1 1.0 5 5.6 1.6 7 3.7 l.i 4 4.5 2.4 3 7.6 2.8 6
Dy 4.6 0.7 5 4.6 1.0 7 2.8 0.9 4 3.0 1.2 3 5.8 2.3 6
Er 2.7 0.5 5 2.8 0.6 7 1.5 0.4 4 1.9 0.8 3 3.9 1.6 6
Yb1) 2.4 0.5 5 2.6 0.6 7 1.3 0.3 4 1.8 0.8 3 3.8 1.7 6
I REE 157 55 5 187 78 7 134 38 4 167 119 3 263 99 6
LaN/YbN 8.9 5.9 5 10.3 7.0 7 14.5 1.0 4 12.3 5.8 3 9.4 4.5 6
Eu/Eu * 0.85 0.02 5 0. 84 0.08 7 0.72 0.10 4 0.71 0.04 3 0.64 0.07 6
Y 27 4 8 27 5 13 16 8 4 - - - 52 15 7
Date sources: McLennan (1577); McLennan et al. (1979a, 1979b) 
1) - Yb values estimated from chondnte-normalized diagrams.
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TABLE 2 Average <chemical composition of Pine Creek Geosyncline fine- grained sedimentary rocks.
Lower Pine Creek 
Geosyncline 
(Group I)
(n - 4)
x s . d.
Upper Pine Creek 
Geosyncline 
(Group II)
(n * 5)
x s.d.
(Group I) 
x s.d.
(Group II) 
x s.d.
Si02 57.98 2.58 75.58 6.75
TlOj 0.77 0.08 0.36 0.10
A12°3 20.22 1.23 11.95 4.20
FeO 6.57 1.55 3. 04 0. 79
MnO 0.04 0.03 0.03 0.01
MgO 2.45 0. 36 1.21 0.64
CaO 0.12 0.10 0.29 0.40
Na 0 0.44 0.33 0.91 1.16 Th 14 2 17 14
K2° 4.89 0.97 3.74 1.50 u 4.1 1.4 4.3 3.8
P2°5 0.08 0.05 0.08 0.04 Zr 95 33 166 36
L.O.I. 5.14 1.42 1.24 1.44 Hf 3.6 2.2 5.6 0.8
K20/Na20 21 17 28 28 Sr 4.1 1.6 5.7 4.2
Nb 15 3 13 7
Cs 7.4 2.5 6.2 5.2 Mo 0.4 0.4 * -
Rb 128 84 151 82 w 0.49 0.27 0.49 0.56
Ba 992 228 524 138 Th/U 3.6 0.9 4.3 1.0
Sr 53 32 59 47 Zr/Hf 28.6 6.6 29.7 4.3
Pb 42 57 13 10 Zr/Nb 6.1 1.5 16.7 9.1
La/Th 2.5 0.8 2.9 0.9
La 34 6 42 19
Ce 70 12 86 39 V 123 51 55 23
Pr 8. 3 1.5 9.2 4.3 Sc 21 4 10 3
Nd 31 5.6 34 16 Ni 52 21 12 4
Sm 5.3 0.8 6.5 2.8 Co 25 9 8 2
Eu 1.2 0.2 0.99 0.28 Cu 15 19 16 23
Gd 3.5 0.7 5.1 2.4 Ga 25 2 15 6
Tb 0.59 0.09 0.81 0.40 V/Ni 2.6 1.0 4.7 1.8
Dy 3.5 0.8 4.5 2.0 Ni/Co 2.1 0.7 1.5 0.6
Ho 0.69 0.18 0.94 0.45 La/Sc 1.7 0.1 4.4 2.4
Er 1.8 0.4 2.6 1.4
Yb 1.7 0.4 2.4 1.3 Bi 0.25 0.25 0.11 0.11
I r e e 162.0 25.8 195.8 89.2
Y 20 8 24 14
LaN/YbN 14.5 4.0 12.3 2.6
Eu/Eu* 0.84 0.08 0.56 0.08
Data sources: Ferguson and Winer (1980); McLennan and Taylor (1980c).
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Table 3. Elemental abundances for C-l carbonaceous chrondntes (volatile-free) , the primitive Earth, mantle, 
present Earth continental crust, present upper and lower continental crusts, and the Archoan upper 
crust. Data sources from Taylor and McLennan (1981b, Table 1).
C-l Primitive Present % Present Present Archean
Volatile Earth Earth in crust Upper Lower Upper
free Mantle Crust Crust Crust Crust
0.78 10 5.5
0.10 1.5 6.6
Li ppm 2.4
Be ppm 0.072
B ppm 2.4
Na wt% 0.79
Mg vt% 14.1
M wt% 1.29
Si wt% 15.6
K wt% 0.089
Ca wt% 1. 39
Sc ppm 7.8
Ti ppm 660
V ppm 62
Cr ppm 3500
Mn ppm 2700
Fe wt% 27.2
Co ppm 765
Ni ppm 15100
Cu ppm 160
Zn ppm 455
Ga ppm 14
Rb ppm 3.45
Sr ppm 11.4
Y ppm 2.1
Zr ppm 5.7
Nb ppm 0.45
Cs ppm 0.29
Ba ppm 3.6
La ppm 0.367
Ce ppm 0.957
Pr ppm 0.137
Nd ppm 0.711
Sm ppm 0.231
Eu ppm 0.087
Gd ppm 0.306
Tb ppm 0.058
Dy ppm 0.381
Ho ppm 0.085
Er ppm 0.249
Tm ppm 0.036
Yb ppm 0.248
Lu ppm 0.038
Hf ppm 0.17
Tl ppm 0.22
Pb ppm 3.6
Bi ppm 0.17
Th ppm 0.051
U ppm 0.014
3. 3 -
0.-25 2.60
24.0 2.11
1.75 9.5
21.0 27.1
0.018 1.25
1.89 5.36
10.6 30
900 4800
84 175
3000 55
1000 1100
6.2 5.83
100 25
2000 30
28 60
50 -
3 18
0.48 42
15.5 400
2.9 22
7.8 100
0.60 11
<0.016 1.7
4.9 350
0.50 19
1.30 38
0.19 4.3
0.967 16
0.314 3.7
0.12 1.1
0.42 3.6
0.079 0.64
0.52 3.7
0.12 0.82
0.34 2.3
0.048 0.32
0.34 2.2
0.052 0.30
0.23 3.0
0.005 -
- 10
0.070 4.8
0.018 1.25
5.0 2.82
0.038 1. 39
2.3 8.47
0.56 30.8
35.7 2.74
1.22 2.50
1.22 10
2.3 3600
0.90 60
0.007 35
0.47 600
0.41 3.50
0.12 10
0.005 20
0.92 25
- 52
2.6 -
38 110
11.0 350
3.4 22
5.5 240
7.9 25
>45 3.7
30 700
15.4 30
12.6 64
9.8 7.1
7.1 26
5.1 4.5
4.0 0.88
3.7 3.8
3.5 0.64
3.0 3.5
2.9 0.80
2.9 2.3
2.9 0.33
2.8 2.2
2.4 0. 32
5.6 5.8
- 0.5
- 15
30 10.5
30 2.5
2.52 2.30
2.47 3.14
10.0 8.25
25.2 26.8
0.50 0.75
6.79 5.22
40 25
5400 5400
230 150
65 140
1350 1300
7.00 7.38
33 30
35 90
78 80
- 100
8 25
425 300
22 15
30 100
4 5
0.7 -
175 240
14 12.6
25 26.8
2.9 3.1
11 13.0
3. 3 2.78
1.2 0.90
3.5 2.85
0.64 0.48
3.8 2.93
0.83 0.63
2.3 1.81
0. 32 0.26
2.2 1.79
0.29 0.28
1.6 3
7.5 10
1.95 2.9
0.63 0.75
Figure Captions
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Fig. 1. REE patterns normalized to chondrites, of various post-
Archean shale composites and averages. Included are the
European shale composite (ES), North American shale
composite (NASC) and post-Archean averages Australian
shale (PAAS). Also shown is an estimate of the average
shale from the Archean-aged Yilgarn Block, Western Australia
(AAS). Note the uniform nature of the post-Archean data
with high ZREE, La^/Yb^ and negative Eu-anomaly. Such
patterns support the idea of a granodiorite composition for
the upper continental crust. The Archean pattern, with
lower ZREE, La^/Yb^ and no Eu-anomaly is similar to modern N N
calc-alkaline andesites and suggests a more mafic exposed 
crust during the Archean (see text for discussion).
Fig. 2. Plot of Cr versus Ni for Archean shales.
A field encompassing most post-Archean shales (compiled from 
the literature) is also shown for comparison. The Archean 
data are taken from Bavinton and Taylor (1980) and unpublished 
results from this laboratory. Chromium and nickel abundances 
are highly scattered in Archean shales and overlap the 
post-Archean field. Many of the Archean data do show much 
higher Cr and Ni abundances and the average Archean shale 
would have much higher Cr and Ni than the average post-Archean
shale.
Fig. 3. Location and generalized stratigraphy of the Early 
Proterozoic Huronian succession exposed on the north 
shore of Lake Huron, Canada.
Fig. 4. Average REE patterns of fine-grained sedimentary rocks 
from selected Early Proterozoic Huronian formations, 
presented in stratigraphic order (data from McLennan 
et al, 1979a). Also shown for comparison are AAS and 
PAAS. Lower Huronian units (McKim and Pecors Formations) 
are similar to AAS except for slightly higher EREE,
La^/Yb^j and a slight negative Eu-anomaly. REE patterns 
from the top of the Huronian (Gordon Lake Formation) 
are indistinguishable from PAAS.
Fig. 5. Average REE patterns of fine-grained sedimentary rocks from 
the Early Proterozoic Pine Creek Geosyncline sedimentary 
succession, Northern Territory, Australia. Group I 
represents the lower part of the succession and Group II 
represents the upper part. Also shown for comparison are 
AAS and PAAS. These data are consistent with the same 
pattern of sedimentary evolution seen for the Huronian
439.
succession.
440.
Fig. 6. Schematic model of the evolution of the continental crust
through geological time. Average REE patterns of the upper 
crust (indicated by sedimentary rocks) are indicated. Also 
shown are some of the principal events of crustal evolution. 
The change in composition of the upper continental crust, 
probably associated with a major period of crustal growth, 
took place between about 3.2 - 2.5 Ae. This change is 
reflected sometime later in the Early Proterozoic sedimentary 
record (e.g. Huronian, Pine Creek Geosyncline).
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ABSTRACT
The average major element compositions of clastic sedimentary 
rock assemblages (carbonate-free) for various times in earth history 
(Archean, Early Proterozoic, Late Proterozoic, Phanerozoic, are reported, 
based largely on the compilations of Schwab (1978). Uncertainties in 
the averages are considerable. There is little observable secular 
change in the average composition of sedimentary rocks during post-Archean 
times except that the older rocks are richer in CaO and possibly TiO^*
Such differences, on their own, do not support the idea of a gradual 
change in composition of the upper continental crust from relatively 
mafic to relatively felsic during post-Archean time. The data may be 
more compatible with essentially no significant change in upper crustal 
composition during this time. Trace element patterns in sedimentary 
rocks, particularly REE and Th distributions, support the idea of constancy 
of upper crustal composition during the post-Archean.
The average composition of Archean clastic sedimentary rocks 
differs significantly from post-Archean average, being considerably 
enriched in ^£0, MgO, FeO, Al^O^» possibly CaO and depleted in SiO^ and 
K^O. Such differences are consistent with the Archean upper crust having 
a more mafic composition than the post-Archean upper crust. The trace 
element data further support this idea.
It has been noted that the average composition of post-Archean 
clastic sedimentary rocks predicts, to within a factor of about 1.2, the 
composition of the exposed continental crust for the elements Si, A1, Fe,
K, Mg and Ti. The abundances of Ca and Na are depleted in the sedimentary 
rocks due to the fact that the compositions of carbonates, evaporites
2 .
4 4 8 .
and s e a w a t e r  w e r e  n o t  c o n s i d e r e d .  The a v e r a g e  c o m p o s i t i o n  o f  A r c h e a n  
c l a s t i c  s e d i m e n t a r y  r o c k s  d o es  n o t  com p ar e  f a v o u r a b l y  w i t h  an i n d e p e n d e n t  
e s t i m a t e  o f  A r c h e a n  u p p e r  c r u s t  c o m p o s i t i o n ,  b e i n g  e n r i c h e d  i n  S iO ^ ,  K^O 
and d e p l e t e d  i n  CaO, F eO , MgO and TiO^ .  Such a c o m p a r i s o n  i n d i c a t e s  
t h a t  t h e  A r c h e a n  u p p e r  c r u s t  may h a v e  h a d  a more  f e l s i c  m a j o r  e l e m e n t  
c o m p o s i t i o n  t h a n  p r e v i o u s l y  t h o u g h t .
3 .
4 4 9 .
SEDIMENTARY ROCKS, CRUSTAL EVOLUTION AND SEDIMENTARY RECYCLING
In  1909,  Daly o b s e rv e d  an i n c r e a s e  o f  Mg/Ca r a t i o s  i n  c a r b o n a t e  
rocks  w i t h  g e o l o g i c  a g e ,  t h u s  i n d i c a t i n g  a p o s s i b l e  g e o c h em ic a l  e v o l u t i o n  
f o r  s e d i m e n t a r y  r o c k s .  S e c u l a r  t r e n d s  i n  t h e  c o m p o s i t i o n  o f  v a r i o u s  
t y p e s  o f  s e d im e n ta r y  rocks  have now been n o t e d  by a number o f  w o r k e r s  on 
s e v e r a l  c o n t i n e n t s  (Nanz,  1953; E n g e l ,  1963;  Engel  e t  a l . , 1974;  Ronov, 
1964,  1968,  1972;  Ronov and M ig d i s o v ,  1971;  van M o o r t , 1973;  V e i z e r ,  
1976 ,  1978;  V e i z e r  and G a r r e t t ,  1978;  Schwab, 1978) .  Many o f  t h e s e  
s t u d i e s  d e a l t  w i t h  s p e c i f i c  l i t h o l o g i e s  ( i . e .  c a r b o n a t e s  o r  s h a l e s ,  e t c . )  
and o n ly  a few w o rk e rs  have  a t t e m p t e d  t o  examine t h e  b u l k  c o m p o s i t i o n  
o f  s e d i m e n t a r y  rocks  w i t h  t im e .  R e c e n t l y ,  Schwab (1978)  h a s  com pi led  
much o f  t h e  p r e s e n t l y  a v a i l a b l e  m a jo r  e lem en t  d a t a  on b u l k  s e d i m e n t a r y  
c o m p o s i t i o n s ,  which e x c lu d e d  o n ly  t h e  c a r b o n a t e  component .  He found 
c o n s i d e r a b l e  s c a t t e r  i n  t h e  d a t a  b u t  g e n e r a l l y  th e y  s u g g e s t e d  p r o g r e s s i v e  
d e p l e t i o n  i n  Al^O^, Na^O, MgO and p r o g r e s s i v e  e n r i c h m e n t  i n  S i O ^ , K^O, 
Ca0(?)  i n  younge r  n o n - c a r b o n a t e  s e d im e n ta r y  r o c k  a s s e m b l a g e s .  These 
g e n e r a l  t r e n d s  have  be e n  n o t e d  by most  o t h e r  w o r k e r s .
The cause  o f  t h e s e  t r e n d s  has  been  a q u e s t i o n  o f  some c o n c e r n  
and ,  as  w i t h  most  g e o l o g i c a l  d e b a t e s ,  views  became p o l a r i z e d  f o r  many 
y e a r s .  One view (Ronov,  1969,  1968,  1972;  Ronov and M ig d i s o v ,  1971;  
Schwab,  1978) h e l d  t h a t  such  t r e n d s  were p r i m a r i l y  due t o  an e v o l u t i o n  
in  c o m p o s i t i o n  of  t h e  u p p e r  c o n t i n e n t a l  c r u s t  ( i n c l u d i n g  a tm o s p h e re ,  
h y d r o s p h e r e  and b i o s p h e r e )  w i t h  c o e v a l  changes  i n  s e d i m e n t a r y  d e p o s i t i o n a l  
e n v i r o n m e n t s  ( s e e  Ronov, 1972) .  The second view a rg u e d  t h e  im p o r t a n c e  
o f  s t e a d y - s t a t e  c y c l e s ,  w i t h  s e d im e n ta r y  r e c y c l i n g  and a l l  o f  t h e  
a s s o c i a t e d  p r o c e s s e s  ( w e a t h e r i n g ,  d i a g e n e s i s ,  metamorphism,  e t c . ) ,  i n  
c o n t r o l l i n g  c o m p o s i t i o n a l  changes  ( s e e  G a r r e l s  and McKenzie,  1971) .  The
4 .
4 5 0 .
wor k o f  J a n  V e i z e r  an d  h i s  c o - w o r k e r s  ( V e i z e r ,  1 9 7 3 ,  1 9 7 6 ,  1 9 7 8 ,  1 9 7 9 ;
V e i z e r  an d  C om p s to n ,  1976;  V e i z e r  an d  G a r r e t t ,  1 9 7 8 ;  V e i z e r  and 
J a n s e n ,  1979) h a s  made c o n s i d e r a b l e  p r o g r e s s  i n  r e c o n c i l i n g  t h e  d i v e r g e n t  
v i e w s .  He h a s  c o n v i n c i n g l y  a r g u e d  t h a t  s e d i m e n t a r y  r e c y c l i n g  i s  v e r y  
i m p o r t a n t  i n  t h e  c h e m i c a l  e v o l u t i o n  o f  s e d i m e n t a r y  r o c k s  b u t  t h a t  i t  
i s  s u p e r i m p o s e d  on a c o m p o s i t i o n a l  e v o l u t i o n  g e n e r a t e d  by  c h a n g e s  i n  
t h e  u p p e r  c o n t i n e n t a l  c r u s t  ( s e e  V e i z e r ,  1 9 7 9 ;  V e i z e r  an d  J a n s e n ,  1979 
f o r  r e c e n t  r e v i e w s ) .
Two f u r t h e r  p o i n t s  a r e  w o r t h  m e n t i o n i n g .  I t  i s  g e n e r a l l y  h e l d
t h a t  t h e  a v e r a g e  c o m p o s i t i o n  o f  s e d i m e n t a r y  r o c k s  i s  c o n s i d e r a b l y  more
m a f i c  t h a n  t h e  u p p e r  c o n t i n e n t a l  c r u s t  ( s e e  R onov ,  1 9 7 2 ) .  V e i z e r  (1 979)
s u g g e s t e d  t h a t  t h e  c o m p o s i t i o n  c o u l d  b e  e x p l a i n e d  by a  30% m i x t u r e  o f
a v e r a g e  b a s a l t  t o  u p p e r  c r u s t .  The m ech a n i sm  by w h ic h  t h i s  was a d d e d
was t h e  r e c y c l i n g  o f  a  more  m a f i c  c r u s t  t h o u g h t  t o  b e  e x p o s e d  d u r i n g  t h e
e a r l y  h i s t o r y  o f  t h e  e a r t h .  A s e c o n d  i m p o r t a n t  f e a t u r e  h a s  b e e n  t h e
r e c o g n i t i o n  o f  t h e  i m p o r t a n c e  o f  t h e  p e r i o d  a b o u t  t h e  A r c h e a n - P r o t e r o z o i c
b o u n d a r y  ( 3 . 0 - 2 . 0  b . y . )  i n  t h e  c h e m i c a l  e v o l u t i o n  o f  s e d i m e n t a r y  r o c k s
( s e e  Ronov,  19 6 7 ;  E n g e l  e t  a l . , 1 9 7 4 ;  V e i z e r  an d  C om ps ton ,  1 9 7 6 ;  V e i z e r
87 86and J a n s e n ,  1 9 7 9 ) .  F o r  e x a m p l e ,  ( S r /  S r ) ^  i n  c a r b o n a t e s  and K^O/Na^O 
i n  s e d i m e n t a r y  r o c k s  i n  g e n e r a l ,  i n c r e a s e  d r a m a t i c a l l y  d u r i n g  t h i s  p e r i o d .  
More r e c e n t l y ,  c o n s i d e r a b l e  t r a c e  e l e m e n t  d a t a  h a v e  a c c u m u l a t e d  w h i c h  
s t r o n g l y  s u p p o r t  a  d r a s t i c  c o m p o s i t i o n a l  ch a n g e  a t  t h e  A r c h e a n - P r o t e r o z o i c  
b o u n d a r y  ( s e e  b e l o w ) .
The p u r p o s e  o f  t h e  p r e s e n t  c o m m u n i c a t i o n  a r e  t h r e e  f o l d .  F i r s t l y  
t o  e s t i m a t e  t h e  a v e r a g e  c o m p o s i t i o n  o f  s e d i m e n t a r y  a s s e m b l a g e s  ( c a r b o n a t e -  
f r e e )  f o r  v a r i o u s  p e r i o d s  i n  e a r t h  h i s t o r y  i n c l u d i n g  some e s t i m a t e  o f  
u n c e r t a i n t i e s .  R e a s o n a b l e  d a t a  a r e  a v a i l a b l e  f o r  t h e  A r c h e a n , L a t e
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Proterozoic and Phanerozoic (Schwab, 1978) but previous extimates 
on average Early Proterozoic assemblages are very poorly constrained. 
Secondly, to examine these data for any compositional trends with 
geologic time and finally, to compare these estimates with independent 
estimates of the average composition of the exposed crust.
TRACE ELEMENTS IN SEDIMENTARY ROCKS
During the past several years, the study of trace elements 
in sedimentary rocks has added greatly to our understanding of crustal 
evolution. In particular, the abundance and distribution of the rare 
earth elements and thorium have proven useful.
Rare earth elements (REE) have short residence times (<1,000 
years) and low solubility in sea water (Piper, 1974). They are also 
relatively immobile during most post-depositional processes such as 
diagenesis (Chaudhuri and Cullers, 1979) and metamorphism (e.g. Muecke 
et al. , 1979). Furthermore, their abundances in important non-clastic 
sediments (i.e. carbonates, iron-formations, evaporites) are typically 
very low and it can be safely concluded that these elements are trans­
ferred almost quantitatively into clastic sedimentary rocks (see recent 
reviews by Taylor, 1979; Taylor and McLennan, 1981a, 1981b; Haskin 
and Paster, 1979). Accordingly, the average REE distribution of 
sedimentary rocks records the average distribution of the upper continental 
crust exposed to weathering. The heterogeneous nature of sedimentary 
lithologies leaves it difficult to make such an estimate; most workers 
examine the composition of shales and relate this to average crustal 
abundances. For example, Taylor and McLennan (1981b) calculated that the 
average shale has the same REE pattern as the upper crust but over­
estimates the total abundances (EREE) by about 20%.
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A r e m a r k a b l e  f i n d i n g  o v e r  t h e  p a s t  s e v e r a l  y e a r s  i s  t h a t  REE 
p a t t e r n s  i n  P o s t - A r c h e a n  s e d i m e n t a r y  r o c k s  h a v e  r e m a i n e d  e s s e n t i a l l y  
c o n s t a n t  (N ance an d  T a y l o r ,  1976;  McLennan e t  a l . ,  1979 ;  McLennan and 
T a y l o r ,  1 9 8 0 a ) .  The a v e r a g e  p a t t e r n  i s  c h a r a c t e r i z e d  by a n e g a t i v e  
E u - a n o m a ly  and i s  s i m i l a r  t o  g r a n o d i o r i t e s . The n e g a t i v e  E u - a n o m a l i e s  
a r e  g e n e r a t e d  d u r i n g  m e l t i n g  e v e n t s  a t  f a i r l y  s h a l l o w  d e p t h  (<40 km) 
and t h e i r  u b i q u i t o u s  p r e s e n c e  i n  p o s t - A r c h e a n  s e d i m e n t a r y  r o c k s  c o n s t i t u t e s  
s t r o n g  e v i d e n c e  f o r  i n t r a - c r u s t a l  p a r t i a l  m e l t i n g  b e i n g  v e r y  i m p o r t a n t  
i n  t h e  g e n e r a t i o n  o f  u p p e r  c r u s t a l  c o m p o s i t i o n s  ( T a y l o r  and McLennan,
1 9 8 1 a , b ) . The a v e r a g e  o f  P o s t - A r c h e a n  A u s t r a l i a n  s h a l e s  (PAAS:
N ance  and T a y l o r ,  1976)  i s  t y p i c a l  and i s  p l o t t e d ,  n o r m a l i z e d  t o  
c h o n d r i t e s  i n  F i g u r e  1.  T h i s  p a t t e r n  i s  a l s o  c o n s i s t e n t  w i t h  t h e  g r a n o -  
d i o r i t e  u p p e r  c r u s t  c o m p o s i t i o n  s u g g e s t e d  by l a r g e  s c a l e  s a m p l i n g  
p r o g r a m s  i n  s h i e l d  a r e a s  (Shaw e t  a l . , 1 9 6 7 ;  Eade an d  F a h r i g ,  1 9 7 1 ) .  
E q u a l l y  i n t e r e s t i n g  i s  t h e  f a c t  t h a t  A r c h e a n  s e d i m e n t a r y  r o c k s  h av e  
v e r y  d i f f e r e n t  REE p a t t e r n s  w i t h o u t  n e g a t i v e  E u - a n o m a l i e s  ( F i g .  1 ) .
T h i s  s u p p o r t s  t h e  i d e a  o f  a more  m a f i c  c o m p o s i t i o n  f o r  t h e  e x p o s e d  c r u s t  
d u r i n g  t h e  A r c h e a n  ( T a y l o r ,  1 9 7 7 ,  1979 ; T a y l o r  and McLennan,  1 9 8 1 a , b , c  
f o r  r e c e n t  r e v i e w s ) . E u - a n o m a l i e s  p r o v i d e  t h e  m os t  o b v i o u s  d i f f e r e n c e  
b e t w e e n  t h e  A r c h e a n  an d  P o s t - A r c h e a n  p a t t e r n s .  A p l o t  o f  Eu /Eu*  (w h e re  
Eu* i s  t h e  t h e o r e t i c a l  v a l u e  f o r  no c h o n d r i t e - n o r m a l i z e d  E u -a n o m a ly )  
a g a i n s t  g e o l o g i c  a g e  i s  shown i n  F i g .  2 .
The m e c h a n i s m  f o r  t h e  ch a n g e  i n  s e d i m e n t a r y  REE p a t t e r n s  h a s  
b e e n  d o cu m en te d  by McLennan e t  a l . (1 979)  an d  McLennan an d  T a y l o r  ( 1 9 8 0 a ) . 
I t  h a s  b e e n  shown t h a t  t h e  ch a n g e  i n  REE p a t t e r n s  i s  o b s e r v a b l e  i n  E a r l y  
P r o t e r o z o i c  s e d i m e n t a r y  s u c c e s s i o n s  and  c a n  b e  r e l a t e d  t o  an  e s s e n t i a l l y  
e p i s o d i c  ch a n g e  i n  t h e  c o m p o s i t i o n  o f  t h e  u p p e r  c o n t i n e n t a l  c r u s t ,  r e l a t e d  
t o  t h e  i n t r u s i o n  o f  K - r i c h  g r a n i t i c  r o c k s  a t  t h e  en d  o f  t h e  A rc h e a n
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(McLennan e t  a l . , 1979 ; T a y l o r  and McLennan,  1 9 8 1 a , b ) .  C h an g in g  REE 
p a t t e r n s  i n  E a r l y  P r o t e r o z o i c  s e d i m e n t a r y  r o c k s  r e p r e s e n t  t h e  g r a d u a l  
u n r o o f i n g  o f  t h i s  a d d e d  m a t e r i a l  (McLennan e t  a l . , 1 9 7 9 ) .
McLennan an d  T a y l o r  (1 9 80b)  r e c e n t l y  e x a m in e d  t h e  Th d i s t r i b u t i o n  
i n  f i n e - g r a i n e d  s e d i m e n t a r y  r o c k s  a s  a  f u n c t i o n  o f  a g e .  They f o u n d  a 
p a t t e r n  c l o s e l y  c o m p a r a b l e  w i t h  t h e  REE d a t a .  T h o r iu m  a b u n d a n c e s  a p p e a r e d  
t o  c h a n g e  d r a m a t i c a l l y  a t  t h e  A r c h e a n - P r o t e r o z o i c  b o u n d a r y  and  t h e n  
r e m a i n e d  e s s e n t i a l l y  u n c h a n g e d  d u r i n g  P o s t - A r c h e a n  t i m e s  ( F i g .  3 ) .  A 
m echan i sm  s i m i l a r  t o  t h a t  u s e d  t o  e x p l a i n  c h a n g i n g  REE p a t t e r n s  was 
i n v o k e d  f o r  t h e  Th d a t a .
The s i m i l a r i t y  i n  t h e  b e h a v i o u r  o f  REE an d  Th i n  s e d i m e n t a r y  
r o c k s  i s  n o t  s u r p r i s i n g  s i n c e  i t  i s  now known t h a t  Th c o r r e l a t e s  s t r o n g l y  
w i t h  t h e  l i g h t  REE i n  many s e d i m e n t a r y  r o c k s  (McLennan e t  a l . ,  1 9 8 0 ) .  The 
L a / T h  r a t i o  f o r  m o s t  P o s t - A r c h e a n  s e d i m e n t a r y  r o c k s  f r om  A u s t r a l i a  i s  
n e a r l y  c o n s t a n t  a t  a b o u t  2 . 7 + 0 . 2  ( a t  95% c o n f i d e n c e ) ,  w i t h  no o b v i o u s  
s e c u l a r  v a r i a t i o n  i n  t h e s e  s a m p l e s .  A r c h e a n  s e d i m e n t a r y  s a m p l e s  f r o m  
G r e e n l a n d  an d  A u s t r a l i a  show more  s c a t t e r  i n  t h e s e  r a t i o s  b u t  h a v e  a 
d i s t i n c t l y  h i g h e r  a v e r a g e  L a /T h  r a t i o  o f  a b o u t  3 . 6 + 0 . 4 .  I t  i s  a l s o  known 
t h a t  t h e r e  i s  a  r o u g h  c o m p o s i t i o n a l  d e p e n d a n c e  on L a /T h  i n  i g n e o u s  r o c k s  
w i t h  mor e  m a f i c  s a m p l e s  t e n d i n g  t o  h a v e  h i g h  L a / T h .  Thus  t h e s e  o b s e r v a t i o n s  
f u r t h e r  s u p p o r t  t h e  i d e a  t h a t  t h e  e x p o s e d  c r u s t  d u r i n g  t h e  A r c h e a n  was more  
m a f i c  t h a n  t h a t  o f  P o s t - A r c h e a n  t i m e .
I n  summary ,  t h e  t r a c e  e l e m e n t  d a t a  s t r o n g l y  s u p p o r t  t h e  i d e a  
o f  a  m a j o r ,  e p i s o d i c  ch a n g e  i n  t h e  c o m p o s i t i o n  o f  t h e  e x p o s e d  u p p e r  c r u s t  
i n  a s s o c i a t i o n  w i t h  t h e  A r c h e a n - P r o t e r o z o i c  b o u n d a r y .  T h e r e  i s  no  e v i d e n c e  
f o r  m a j o r  c o m p o s i t i o n a l  c h a n g e s  d u r i n g  t h e  P o s t - A r c h e a n .  T h i s  i s  a p p a r e n t l y  
i n  c o n f l i c t  w i t h  some m a j o r  e l e m e n t  d a t a  w h ich  i n d i c a t e  more  g r a d u a l  c h a n g e s ,
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from mafic to felsic, throughout geologic time (see Schwab, 1978).
AVERAGE COMPOSITION OF CLASTIC SEDIMENTARY ROCKS THROUGH TIME 
Post-Archean Compositions
The method of determining Post-Archean average major element 
compositions of clastic sedimentary assemblages for various periods 
differs only slightly from that of Schwab (1978). The periods considered 
are Early Proterozoic (2.5-1.7 Ae), Late Proterozoic (1.7-0.7 Ae) and 
Phanerozoic (<0.7 Ae). Compositions represent the average sedimentary 
rock for a given period and exclude only the carbonate and evaporite 
components. Values for the average Phanerozoic and Late Proterozoic are 
taken directly from Schwab’s (1978) compilation, but several incomplete 
analyses have been omitted in determining the averages. These values 
are given in Table 1. All averages have been recalculated to 100% and 
Mn has not been considered. Uncertainties simply represent standard 
deviations derived from determining means on the estimates of various 
assemblages deposited during a given period (see Schwab, 1978). Such 
values are probably only meaningful in the sense that they give some 
broad idea of the uncertainties in calculations such as these. The 
uncertainties estimated here are very likely minima.
Determinations of the average Early Proterozoic sedimentary 
rock is of considerable importance to a study of this kind. Schwab 
(1978) gave substantial weight (50%) to the composition of Early 
Proterozoic tillites (Young, 1969) in determining his average. As 
pointed out by Young (1969) these rocks are by no means of typical 
sedimentary composition since they were derived from an essentially
9 .
4 5 5 .
u n w e a th ere d  s o u r c e  and have an o m alo u s ly  (and  u n u s u a l ly )  h ig h  Na^O and 
Na20 / K 20.
Many more d a ta  a r e  now a v a i l a b l e  f o r  E a r ly  P r o t e r o z o i c  
s e d im e n ta ry  r o c k s  and a more r e a l i s t i c  a v e ra g e  can be c a l c u l a t e d .  Fo r  
t h i s  s tu d y  f i v e  s e q u e n c e s  have  been  examined (T a b le  2 ) .  D ata  from th e  
Animike and Y avap i  a r e  t a k e n  d i r e c t l y  from Schwab ( 1 9 7 8 ) .  The a v e ra g e  
f o r  t h e  H u ro n ian  s u c c e s s i o n ,  n o r t h  o f  Lake H uron , was d e te rm in e d  by 
c a l c u l a t i n g  a v e r a g e s  f o r  e a ch  f o rm a t io n  and w e ig h t in g  t h o s e  to  t h e i r  
known r e l a t i v e  s t r a t i g r a p h i c  t h i c k n e s s .  D ata  s o u r c e s  i n c l u d e d  C h an d le r  
(1 9 7 3 ) ;  Long (1976) ; McLennan (1977) ; P i e n a a r  (1963) ; Pucovsky 
(1 9 7 5 ) ;  R o b e r ts o n  (1976) and Young (19 6 8 ,  1969, 1 9 7 3 ) .  The Bar 
R iv e r  F o rm a t io n  (no d a ta )  and  E s p a n o la  F o rm a t io n  ( c a r b o n a t e - r i c h )  were 
n o t  c o n s id e r e d .  An a v e ra g e  c o m p o s i t io n  f o r  t h e  H urw itz  G roup, N .W .T ., 
Canada was d e te rm in e d  s i m i l a r l y ,  w i th  d a ta  from McLennan (1975) and 
Young (1 9 7 3 ) .  A r e c e n t  m a jo r  g e o c h em ic a l  s tu d y  i n  th e  P in e  Creek 
G e o s y n c l in e ,  A u s t r a l i a  (F e rg u so n  and W in e r ,  1980) a l s o  a l lo w s  a 
r e a s o n a b le  a v e ra g e  to  b e  c a l c u l a t e d  f o r  t h i s  s e q u e n c e .  A lthough  an 
a t t e m p t  was made t o  e l i m i n a t e  c a r b o n a t e - r i c h  u n i t s  from  th e  P in e  Creek 
a v e r a g e ,  t h e  u b i q u i t o u s  p r e s e n c e  o f  su ch  l i t h o l o g i e s  t h ro u g h o u t  th e  
s e q u en c e  s u g g e s t s  t h a t  some c a r b o n a te  m a t e r i a l  h a s  b e e n  in c l u d e d .  The 
o v e r a l l  a v e ra g e  o f  t h e s e  f i v e  E a r ly  P r o t e r o z o i c  s e q u e n c e s  and a s s o c i a t e d  
u n c e r t a i n t i e s  a r e  g iv e n  i n  T a b le  1.
A rchean  C om posit ion
The a v e ra g e  s e d im e n ta ry  c o m p o s i t io n  i s  l i s t e d  i n  T ab le  1, 
b a s e d  on th e  c o m p i la t io n  o f  Schwab (1 9 7 8 ) .  V a lues  f o r  g n e i s s e s  and 
g r a n i t e s  ( s e e  Schwab, 1978) w ere  n o t  i n c lu d e d  s i n c e  h i g h - g r a d e  m etamorphism
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and melting could affect the chemistry. Where more than one estimate 
was given for the same sequence of rocks (e.g. Knife Lake), they were 
in turn averaged and given a weighting factor of one. Finally, a 
recent well constrained value for the Yellowknife Supergroup (Jenner 
et al. , 1981) was used.
CONSTANCY OF POST-ARCHEAN SEDIMENTARY COMPOSITIONS
The Early Proterozoic and Phanerozoic compositions are compared 
in Figure 4. If there have been significant gradual changes in sedimentary 
compositions during the Post-Archean, they should show up in such compar­
ison. Within the uncertainties of the data (which are considerable) , the 
averages are identical except that the Phanerozoic sedimentary rocks may 
be richer in CaO and TiO^. The slightly higher Na^O value suggested 
for the Phanerozoic average is probably not meaninfgul since the Late 
Proterozoic composition has a Na20 value (2.1+0.7) higher than both 
Early Proterozoic and Phanerozoic values. Secular trends in composition 
are generally thought to be mainly unidirectional. The TiO^ values 
must also be considered with some caution. More than half of the Phaner­
ozoic data did not have TiO^ values (Schwab, 1978) and although the values 
that were reported agree fairly well (0.8+0.1) the average is probably 
not well constrained.
The reason for higher CaO (and lower MgO/CaO) in Phanerozoic 
rocks is not immediately obvious. This trend is also observed in carbonate 
rocks (Daly, 1909; Veizer, 1978) and generally attributed to differences 
in dolomite/calcite ratios (see Veizer, 1978; Holland, 1976 for reviews). 
Figure 4 suggests, that in the clastic rocks, this trend is primarily 
due to a CaO anomaly. The problem of excess calcium in sedimentary rocks,
11.
457.
when compared to average igneous rocks, is a long standing problem 
(for example, see Sibley and Vogel, 1976; Sibley and Wilbrand, 1977). 
These authors suggested the anomaly disappeared if a more important 
role was given to pelagic sediments in determining sedimentary averages. 
The trend of increasing CaO with decreasing age, noted in this study 
may reflect a more important role of pelagic sediments with time or 
simply that pelagic sediments are not represented in the older assem­
blages (very likely at least for the Early Proterozoic). Veizer (1978) 
noted the trend of MgO/CaO could reverse itself during the Archean.
The data from study would appear to confirm this, at least for clastic 
sedimentary rocks (Table 1).
The data presented in this paper do not support the idea of 
a gradual change in the composition of the upper crust, from relatively 
mafic to felsic during Post-Archean time. The data can be explained in 
terms of a model where the bulk composition of the exposed crust 
remains essentially unchanged during Post-Archean times. This is in 
accord with the trace element data (see above).
ARCHEAN-POST-ARCHEAN COMPARISONS
The average composition of Archean and Post-Archean clastic 
sedimentary rocks are given in Table 3 and compared in Figure 5. Post- 
Archean sedimentary rocks appear to be richer in SiO^, K^O and Archean 
sedimentary rocks are richer in Al^O^, Na^O, MgO and possibly CaO. These 
data support the idea of a more mafic exposed crust during the Archean. 
Since SiO^ is about 5% higher in Post-Archean clastic sedimentary rocks, 
some differences could simply be generated by closure (see Chayes and 
Kruckal, 1966); this possibility has been suggested (Schwab, 1978) but
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never fully investigated. If we set the Post-Archean average at the 
same SiO^ content as the Archean average and recalculate the other 
values, the closure problem is partly overcome (Table 3, Fig. 6). In 
this comparison, Post-Archean rocks are richer in K^O and the Archean 
is enriched in Na^O. Other values are indistinguishable within the 
uncertainties of the estimates. Differences in SiO^, Na^O and K^O 
can readily be explained by a change in the dominant style of granitic 
plutonism, from dominantly sodic during the early Archean to dominantly 
potassic at the end of the Archean and through the Post-Archean (Engel 
et al. , 1974; Cloud, 1976; McLennan et al., 1979 ; McLennan and Taylor, 
1980; Taylor and McLennan, 1981a,b, for example).
SEDIMENTARY ROCKS AND CRUSTAL COMPOSITION
Figure 7 compares the average Post Archean clastic sedimentary 
rock and an independently determined estimate of the average upper crust 
(Taylor and McLennan, 1981b). Within the uncertainties, the sediment 
data agree reasonably well except that they are depleted in Na^O and 
CaO. Both these effects are expected since neither carbonates nor 
evaporites were considered in the average. Na is also drastically 
depleted during weathering processes. The other elements are in agree­
ment to within a factor of about 1.2. This observation is of particular 
importance in constraining estimates of the average composition of the 
Archean upper crust. Theoretically, the average Archean sediment data 
should be more reliable than the Post-Archean data in estimating crustal 
abundances since carbonates are relatively rare (Cameron and Baumann, 
1972) and most Archean sedimentary rocks were probably rapidly eroded 
and deposited and not as severely affected by weathering as Post-Archean
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s e d i m e n t a r y  r o c k s .  In  f a c t ,  J e n n e r  e t  a l . (1981) have shown t h a t  
m a jo r  e lem en t  c o m p o s i t i o n s  o f  Archean  t u r b i d i t e s  can be r e a s o n a b l y  
m o d e l l e d  s o l e l y  from ig neous  c o m p o s i t i o n s  ( e x c e p t  f o r  CaO) w i t h o u t  
c o n s i d e r i n g  e f f e c t s  o f  w e a t h e r i n g .
F i g u r e  8 compares  t h e  a v e r a g e  Archean s e d i m e n t a r y  r o c k  to  an 
i n d e p e n d e n t  e s t i m a t e  o f  t h e  c o m p o s i t i o n  o f  t h e  Archean  uppe r  c r u s t  
( T a y l o r  and McLennan,  1980c ) .  The s e d i m e n t a r y  d a t a  a r e  s i g n i f i c a n t l y  
d e p l e t e d  in  CaO, FeO, MgO, TiO^ and e n r i c h e d  i n  SiO^ » K^O. The Archean 
m a jo r  e le m en t  c r u s t a l  c o m p o s i t i o n  was d e te r m in e d  from t h e  a v e r a g e  o f  
Archean  v o l c a n i c  r o c k s ,  a n d ,  t o g e t h e r  w i t h  t h e  t r a c e  e l e m en t  d a t a  
( p a r t i c u l a r l y  REE) i s  c o n s i s t e n t  w i t h  b e i n g  d e r i v e d  from a 50 :50  
m i x t u r e  o f  t y p i c a l  Archean t h o l e i i t i c  b a s a l t s  and N a - r i c h  a c i d  i gneous  
ro c k s  ( t o n a l i t e s ,  t r o n d h j e m i t e s , f e l s i c  v o l c a n i c s ) . The c r u s t  was 
assumed t o  be homogeneous i n  c o m p o s i t i o n  t h r o u g h o u t .  The m a j o r  e lem en t  
a v e r a g e s  f o r  Archean  s e d i m e n t a r y  r o c k s ,  r e p o r t e d  h e r e ,  s u g g e s t  a 
s u b s t a n t i a l l y  g r e a t e r  f e l s i c  component  and s m a l l e r  b a s a l t i c  component  
i n  t h e  Archean  u p p e r  c r u s t  e xposed  t o  w e a t h e r i n g .  Many REE p a t t e r n s  
i n  Archean  s e d i m e n t a r y  ro c k s  have  much s t e e p e r  REE p a t t e r n s  ( i . e .  h i g h e r  
La/Yb) t h a n  d e p i c t e d  i n  t h e  a v e r a g e  (AAS) i n  F i g u r e  1 ,  i n d i c a t i v e  o f  
l a r g e r  c o n t r i b u t i o n s  o f  N a - r i c h  g r a n i t i c  rocks  (Nance and T a y l o r ,  1977) 
o r  f e l s i c  v o l c a n i c s  ( J e n n e r  e t  a l . , 1981) i n  a t  l e a s t  some a r e a s .  I t  
i s  p r o b a b l e  t h a t  t h e  Archean c r u s t  became more b a s i c  w i t h  d e p t h ,  p o s s i b l y  
i n  a c c o r d  w i t h  t h e  r e l a t i v e  d e n s i t i e s  o f  t h e  two m a j o r  components .
The m a j o r  Archean i g n e o u s  l i t h o l o g i e s ,  i n c l u d i n g  t h e  b a s a l t s ,  
N a - r i c h  v o l c a n i c  r o c k s  and f e l s i c  v o l c a n i c s  ( w i t h o u t  n e g a t i v e  E u - a n o m a l i e s ; 
c f . T a y l o r  and H a l l b e r g ,  1977;  F r y e r  and J e n n e r ,  1978) a r e  c o n s i d e r e d  
t o  be m a n t l e  d e r i v e d  by one o r  more s t a g e s  of  p a r t i a l  m e l t i n g .  I n t r a -
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c r u s t a l  m e l t i n g ,  w h i c h  was i m p o r t a n t  i n  g e n e r a t i n g  t h e  n e g a t i v e  
E u - a n o m a ly  i n  t h e  p o s t - A r c h e a n  u p p e r  c r u s t ,  m u s t  h a v e  b e e n  m i n o r  d u r i n g  
t h e  A r c h e a n  c o n s i d e r i n g  t h e  l a c k  o f  n e g a t i v e  E u - a n o m a l i e s  i n  A r c h e a n  
s e d i m e n t a r y  r o c k s  ( F i g .  1 ) ,  an d  n o t  r e s p o n s i b l e  f o r  any e n r i c h m e n t  o f  
f e l s i c  r o c k s  i n  t h e  A r c h e a n  u p p e r  c r u s t .
CONCLUSIONS
The d a t a  d i s c u s s e d  i n  t h i s  p a p e r  i n d i c a t e  t h a t  t h e r e  h a s  b e e n  
l i t t l e  ch a n g e  ( e x c e p t  f o r  CaO and p e r h a p s  TiÜ2 ) i n  t h e  a v e r a g e  c o m p o s i t i o n  
o f  c l a s t i c  s e d i m e n t a r y  r o c k s  d u r i n g  P o s t - A r c h e a n  t i m e s .  Such an o b s e r ­
v a t i o n  i s  c o m p a t i b l e  w i t h  e s s e n t i a l l y  no c h a n g e  i n  u p p e r  c r u s t a l  compos­
i t i o n s  d u r i n g  t h i s  t i m e ;  a  s i t u a t i o n  a l s o  s u g g e s t e d  by t r a c e  e l e m e n t  
d a t a .
A r c h e a n  c l a s t i c  s e d i m e n t a r y  r o c k s ,  on a v e r a g e ,  a r e  c l e a r l y  
d i f f e r e n t  i n  c o m p o s i t i o n  t o  P o s t - A r c h e a n  c l a s t i c  s e d i m e n t a r y  r o c k s ,  b e i n g  
d e p l e t e d  i n  SiO^ , K^O an d  e n r i c h e d  i n  Na^O. A r c h e a n  c l a s t i c  r o c k s  a r e  
a l s o  e n r i c h e d  i n  A l^O ^ ,  MgO an d  p o s s i b l e  CaO b u t  t h e s e  f e a t u r e s  may,  i n  
p a r t ,  b e  g e n e r a t e d  by t h e  e f f e c t s  o f  c l o s u r e .  Such  d a t a  s u p p o r t  t h e  
i d e a  o f  a  more m a f i c  e x p o s e d  c r u s t  d u r i n g  t h e  A r c h e a n .  The c h a n g e  i n  
c o m p o s i t i o n s  was p r o b a b l y  e p i s o d i c  an d  r e l a t e d  t o  a  c h a n g e  i n  t h e  compos­
i t i o n  o f  g r a n i t i c  p l u t o n i s m  ( f r o m  s o d i c  ( m a n t l e  d e r i v e d )  t o  p o t a s s i c  
( c r u s t a l  d e r i v e d ) )  i n i t i a t e d  a t  t h e  en d  o f  t h e  A r c h e a n .
The a v e r a g e  P o s t - A r c h e a n  c l a s t i c - s e d i m e n t a r y  r o c k  p r e d i c t s  u p p e r  
c r u s t a l  m a j o r  e l e m e n t  a b u n d a n c e s ,  w i t h i n  a  f a c t o r  o f  a b o u t  1 . 2 ,  e x c e p t  
f o r  CaO and Na20.  The f a c t  t h a t  t h e  e s t i m a t e  o f  A r c h e a n  u p p e r  c r u s t a l  
a b u n d a n c e s  ( T a y l o r  a n d  McLennan,  1980c)  a r e  n o t  r e a s o n a b l y  w e l l  p r e d i c t e d
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by t h e  a v e r a g e  A rc h ean  c l a s t i c  s e d i m e n t a r y  r o c k s  s u g g e s t s  t h e  c r u s t a l  
a b u n d a n c e s  may n e e d  r e v i s i o n  t o w a r d s  more  f e l s i c  c o m p o s i t i o n .  T h i s  
a l s o  i m p l i e s  t h a t ,  t h e  A rc h ean  u p p e r  c r u s t  was more  f e l s i c  t h a n  t h e  
A rc h ean  l o w e r  c r u s t ,  p r o b a b l y  due t o  a  l a r g e r  p r o p o r t i o n  o f  N a - r i c h  
g r a n i t i c  r o c k s  and  f e l s i c  v o l c a n i c  r o c k s .
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TABLE 1. Average composition of clastic sedimentary assemblages 
through geologic time.
Archean
Early
Proterozoic
Late
Proterozoic Phanerozoic
Si02 65.6+2.6 71.7+5.9 69.5+6.0 70.9+4.0
Ti02 0.7+0.2 0.5+0.2 0.7+0.2 0.8+0.1
A190_ 16.3+2.7 13.3+2.1 15.9+3.3 13.6+2.22 3
FeO* 6.1+0.5 6.6+4.3 4.6+1.6 5.5+0.8
MgO 3.3+0.7 2.64 0.6 1.7+0.8 2.5+0.8
CaO 2.5+1.0 1.3+0.7 1.7+0.4 2.3+1.1
Na20 3.1+0.5 1.2+0.9 2.1+0.7 1.6+0.6
k 2o 2.4+0.5 2.8+0.6 3.8+0.4 2.7+0.6
MgO/CaO 1.3 2.0 1.0 1.1
Na20/K20 1.3 0.43 0.55 0.59
*total Fe as FeO
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TABLE 2. Average compositions of Early Proterozoic sedimentary
assemblages (elastics only).
Huronian Hurwitz Pine Creek Animike Yavapi
Si02 75.1 79.7 71.8 66.3 65.8
Ti02 0.4 0.4 0.5 0.6 0.8
A12°3 13.5 11.1 13.5 11.8 16.6
FeO* 3.6 3.0 5.8 13.8 6.7
MgO 1.6 2.5 3.1 2.9 2.7
CaO 0.6 0.9 1.4 1.2 2.5
Na20 1.7 0.3 0.5 1.0 2.5
k 2o 3.5 2.1 3.4 2.4 2.4
MgO/CaO 2.7 2.8 2.2 2.4 1.1
Na20/K20 0.49 0.14 0.15 0.42 1.0
*total Fe as FeO
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TABLE 3. A v e r a g e  c o m p o s i t i o n s  o f  A r c h e a n  and  P o s t - A r c h e a n  c l a s t i c
s e d i m e n t a r y  r o c k s  and e s t i m a t e s  o f  t h e  c o m p o s i t i o n s  o f  t h e
A r c h e a n  a n d  P o s t - -Archea n u p p e r  c o n t i n e n t a l c r u s t s .
ARCHEAN POST--ARCHEAN
S e d i m e n t a r y  
Ro cks
Uppe r*
C r u s t
S e d i m e n t a r y
Rocks
Upper"*"
C r u s t
S i 0 2 6 5 . 6 + 2 . 6 5 7 . 4 7 0 . 7 + 4 . 2 6 6 . 0
T i 0 2 0 . 7 + 0 . 2 0 . 9 0 . 8 + 0 . 2 0 . 6
A12 ° 3 1 6 . 3 + 2 . 7 1 5 . 6 1 4 . 1 + 2 . 3 1 6 . 0
FeO** 6 . 1 + 0 . 5 9 . 5 5 . 3 + 1 . 2 4 . 5
MgO 3 . 3 + 0 . 7 5 . 2 2 . 3 + 0 . 8 2 . 3
CaO 2 . 5 + 1 . 0 7 . 3 2 . 1 + 0 . 9 3 . 5
Na2 0 3 . 1 + 0 . 5 3 . 1 1 . 7 + 0 . 6 3 . 8
K2° 2 . 4 + 0 . 5 0 . 9 3 . 0 + 0 . 6 3 . 3
MgO/CaO 1 . 3 0 . 7 1 1 . 1 0 . 6 6
Na2 0 /K 2 0 1 . 3 3 . 4 0 . 5 7 1 .2
* f r o m  T a y l o r  an d  McLennan,  1 9 8 0 c .  
+  f r om  T a y l o r  an d  McLennan,  1 9 80b .
** t o t a l  Fe a s  FeO
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FIGURE CAPTIONS
Figure 1. Rare earth element (REE) diagram, normalized to chondrites, 
for the Post-Archean Average Australian Shale (PAAS; Nance 
and Taylor, 1977) and Average Archean Sedimentary Rock from 
Australia (AAS; Taylor and McLennan, 1980a). PAAS resembles a 
typical granodiorite and supports the idea of a granodioritic 
upper crust. AAS resembles typical modem calc-alkaline 
andesites but was probably derived from a mixture of Archean 
tholeiitic volcanics and acidic igneous rocks (tonalites, 
trondhjemites, felsic volcanics). The lack of a negative Eu- 
anomaly in AAS is taken as evidence for a minor role of intra- 
crustal partial melting (i.e. <40 km.) in the formation of the 
Archean upper crust.
Figure 2. Plot of Eu/Eu* (Eu* is extrapolated value for Eu for no
chondrite-normalized Eu-anomaly) versus time for clastic sedi­
mentary rocks (adapted from McLennan et al., 1979). The trans­
ition period from high Eu/Eu* during the Archean (^1.0) to low 
Eu/Eu* during the post-Archean (0.65+0.05), here represented 
by the age limitations on the Lower Proterozoic Huronian 
succession (see McLennan et al., 1979) , was probably very brief 
after the initial onset of post-Archean sedimentation. Such 
data constitute strong evidence for an essentially episodic 
change in the composition of the exposed crust at the Archean- 
Proterozoic boundary with little compositional change during Post-
Archean time.
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Figure 3. Plot of Th abundances versus time for fine-grained 
sedimentary rocks from Australia and Greenland (from 
McLennan and Taylor, 1980b). The discontinuity in Th 
abundances corresponds precisely with the change in REE 
patterns. The very low Th abundances in early Archean 
sedimentary rocks may be partly due to metamorphism (McLennan 
and Taylor, 1980b). There is no obvious change in Th 
abundances in fine-grained sedimentary rocks during post-Archean 
times.
Figure 4. Comparison diagram of the average major element compositions 
of Phanerozoic and Early Proterozoic clastic sedimentary rock 
assemblages (data from Table 1). The diagonal line represents 
equal composition and the error bars represent the uncertainties 
described in the text. There is no observable difference in 
composition except that the Phanerozoic assemblage is richer in 
CaO, TiO^ and possibly Na^O. Such differences, on their own, 
do not support the idea of gradual change in the composition of 
the upper continental crust from relatively mafic to felsic during 
post-Archean time.
Figure 5. Comparison diagram of the average major element compositions 
of post-Archean and Archean clastic sedimentary rock assemblages 
(data from Table 3). Archean sedimentary rocks are richer in 
Al^O^, Na^O, MgO and possibly FeO while post-Archean sedimentary 
rocks are richer in SiO^ and K^O. These data would support the 
idea of a significantly more mafic exposed crust during the
Archean.
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F i g u r e  6 .  C o m p ar i so n  d i a g r a m  o f  p o s t - A r c h e a n  and A r c h e a n  a v e r a g e  
c l a s t i c  s e d i m e n t a r y  c o m p o s i t i o n s  r e c a l c u l a t e d  t o  a common 
S 1 O2  c o n t e n t  (SiO^ = 6 5 .6 % ) .  On s u c h  a c o m p a r i s o n ,  Archean 
s e d i m e n t a r y  r o c k s  r e m a i n  r i c h e r  i n  Na^O an d  p o s t - A r c h e a n  
s e d i m e n t a r y  r o c k s  r e m a i n  r i c h e r  i n  K^O.
F i g u r e  7. C o m p ar i s o n  d i a g r a m  o f  t h e  p o s t - A r c h e a n  u p p e r  c o n t i n e n t a l  
c r u s t  an d  p o s t - A r c h e a n  a v e r a g e  c l a s t i c  s e d i m e n t a r y  r o c k  
( d a t a  f r o m  T a b l e  3 ) .  P o s t - A r c h e a n  c l a s t i c  s e d i m e n t a r y  ro c k s  
a r e  d e p l e t e d  i n  Na^O and CaO r e l a t i v e  t o  t h e  u p p e r  c r u s t ,  
m a i n l y  due t o  t h e  f a c t  t h a t  c a r b o n a t e s ,  e v a p o r i t e s  an d  l o s s e s  
t o  s e a  w a t e r  w e r e  n o t  c o n s i d e r e d  i n  f o r m u l a t i n g  t h e  s e d i m e n t a r y  
a v e r a g e .  The o t h e r  e l e m e n t s  a g r e e  t o  w i t h i n  a  f a c t o r  o f  abou t  
1 . 2 .
F i g u r e  8. C o m p a r i s o n  d i a g r a m  o f  t h e  A r c h e a n  u p p e r  c r u s t  and Archean 
a v e r a g e  c l a s t i c  s e d i m e n t a r y  r o c k  ( d a t a  f r om  T a b l e  3 ) .  T h e r e  i s  
l i t t l e  a g r e e m e n t  b e t w e e n  t h e  two c o m p o s i t i o n s  an d  i t  i s  s u g g e s t e d  
t h a t  t h e  A r c h e a n  u p p e r  c r u s t  h a d  a more  f e l s i c  m a j o r  e l e m e n t  
c o m p o s i t i o n  t h a n  p r e v i o u s l y  t h o u g h t .
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Chapter 21
THE RARE EARTH ELEMENT EVIDENCE IN PRECAMBP.IAN 
SEDIMENTARY ROCKS: IMPLICATIONS FOR CRUSTAL EVOLUTION
S. R. TAYLOR and S. M. McLENNAN 
ABSTRACT
The chemical composition of  Phanerozoic igneous rocks has been utilized in revealing 
plate-tectonic histories, but application of such procedures to  Precambrian (particularly 
Archaean) rocks is equivocal. This is well demonstrated by the composition of the 
Archaean Marda Complex which mimics modern island-arc chemistry, bu t was clearly 
1 formed under a different tectonic environment.
Application of  geochemistry to the evolution of the continental crust is more 
soundly based. The composition of the present-day upper continental crust can be 
characterized by the rare earth element (REE) patterns in sedimentary rocks, since 
these elements are not easily fractionated by most sedimentary or metamorpbic pro­
cesses. Sedimentary REE patterns indicate tha t the present upper continental crust 
approximates to granodiorite. Such a composition cannot be representative of the en­
tire continental crust due to  geochemical balance and heat flow arguments. Intra-crust at 
melting of  andesite (representing the total crust) at depths <  40 km would produce 
a granodioritic upper crust with a characteristic negative Eu anomaly, and a residual 
lower crust with a mild Eu enrichment. The meagre lower crustal nodule data are in 
agreement with such a model. The lack of  significant negative Eu anomalies in mantle- 
derived rocks limits sediment recycling via subduction to trivial amounts ( <  10%).
Archaean sedimentary rocks have differing REE patterns, resembling island-arc 
volcanic rocks, and indicate a much less evolved upper crust at that time. The change 
in REE patterns, as suggested by the Huronian and Pine Creek Geosyncline data, was 
related to large-scale emplacement of K-rich granites, into the upper crust, near the 
Archaean—Proterozoic boundary. Modelling of  the Archaean sedimentary data is 
most consistent with an upper crust dominated by mafic volcanics and Na-rich gran­
itic rocks (tonalites, trondhjemites). The contribution of  K-rich granitic rocks with 
negative Eu anomalies to  the upper Archaean crust is restricted to <  10%. On the other 
hand, significant amounts ( >  30%) of exposed sialic material, in the form of Na-rich 
granitic rocks, were present. This is in conflict with some popular models of the nature 
of the early crust. Archaean REE patterns are observable as far back as the sedimen­
tary record is available ( >  3.7 Ga) indicating the crust of  the earth was chemically and 
lithologically complex as far back as the geologic record is available. .
j Firm evidence for modern subduction-like processes is only clear back to about 
1000 Ma ago, although initiation of such phenomena may have been related to the 
massive growth o f  the continents near the Archaean—Proterozoic boundary. The chemical 
evidence from sedimentary rocks, consistent with tholeiitic-trondhjemitic bimodal 
igneous activity, implies that tectonic conditions in the Archaean did not resemble 
present-day plate-tectonic subduction regimes. ___ I
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THE CHEMICAL EVIDENCE: CONSTRAINTS AND LIMITATIONS 
I
| An im portan t contribution of geochemistry to the earth sciences has been 
the ability to  distinguish among igneous associations and relate these to 
plate-tectonic processes (Carmichael et al., 1974). The relationship between 
plate tectonics and geochemical associations shed much light on the physical 
and chemical processes of the outer part of the earth. It also allows reasonable 
conclusions to  be drawn about the origin of ancient rocks. If the uniformi- 
tarian concept truly holds for the Archaean, it would be relatively simple to 
reach conclusions about the nature of geological processes in that distant 
era from the geochemical evidence.
Geochemical studies of Archaean crustal volcanic terrains are not abun­
dant (Arth and Hanson, 1975; Condie and Harrison, 1976; Haliberg et al., 
1976; Taylor and Hallberg, 1977; Fryer and Jenner, 1978). Most of these 
studies have noted  distinct differences in trace elem ent composition between 
Archaean and Recent examples of comparable major element composition. 
Some workers (Condie and Harrison, 1976 for example) have freely applied 
classical plate-tectonic models on the basis of chemical com position while 
others (Fryer and Jenner, 1978) have refrained from  such interpretations.
Careful exam ination of the Archaean Marda complex (~  2700M a.) of 
Western Australia is instructive in examining the possible lim itations of geo­
chemical data  in providing evidence for plate-tectonic models in the Archaean 
(and perhaps m uch of the Precambrian). The Marda complex consists of low 
grade m etam orphic volcanic rocks, including andesite and dacite flows over- 
lain by subaerial rhyolite ignimbrites. Detailed study of the major and trace 
elem ent com position of these lavas (H allberget al., 1976;Taylor and Hallberg, 
1977) show a remarkable correspondence to  m odern high-K calc-alkaline 
volcanic suites (Fig. 21-1). The diagnostic rare earth element (REE) patterns 
are equivalent (Fig. 21-2). Fryer and Jenner (197S) also found similar ande­
sites in the Prince Albert Group of Canada. The conclusion could follow 
from uniform itarian principles tha t these rocks were erupted in an island-arc 
environm ent. However, field evidence clearly argues against such a source 
for these rocks (Hallberg et al., 1976). They were erupted in a small basin 
containing 5 km of siliceous clastic sedim entary rocks, including banded 
iron-form ations and gabbros. Classical island-arc models seem untenable 
for the origin of these rocks. What other process may be invoked? Deri­
vation of such magmas by therm al plumes through a thin crust (Goodwin, 
1973), mechanisms involving crust—mantle mixing (Fyfe, 1973) or anatexis 
at the base of the Archaean crust (Hallberg et al., 1976) seem viable mech­
anisms.
. Thus volcanic suites which mimic m odem  island-arc rocks were produced 
in the Archaean, bu t were formed in a different tectonic environm ent. Ac­
cordingly, some caution m ust be exercised in using the chemical evidence to 
construct tecton ic  models.
481 .
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Fig. 21-1. Comparison of major- and trace-element data from a typical Marda complex 
andesite of Archaean age (Hallberg et a!., 1976;Taylor and Hallberg, 1977) and a typical 
Cenozoic andesite from eastern Papua New Guinea (Smith, 1976). Points lying on the 
45° diagonal lines indicate equality of composition for the two samples.
THE PRESENT COMPOSITION OF THE UPPER CONTINENTAL CRUST
Before commencing a study of Precambrian crustal evolution and the 
possible role of plate tectonics at tha t tim e, it is desirable to establish the 
present composition of the continental crust. Such inform ation enables 
comparisons and extrapolations to be made with Proterozoic and Archaean 
crustal compositions which are necessarily less securely based. The present 
com position of the upper continental crust is reasonably well understood. 
jVluch detailed information has accum ulated, based mainly on the use of 
extensive sampling programs (Shaw et al., 1967, 1976; Fahrig and Fade, 
1968; Eade and Fahrig, 1971, 1973). O ther workers (e.g. Goldschmidt, 
1954; Taylor, 1964, 1977, 1979) have attem pted to  solve the compositional
4 8 2 .
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Fig. 21-2. REE patterns, normalized to chondrites, for andesites from the Archaean 
Marda complex (Taylor and Hallberg, 1977). Also shown is the field for Cenozoic high-K 
andesites from Papua New Guinea (Smith, 1976). The REE patterns for these two regions, 
widely separated in time and of differing tectonic environment, are indistinguishable.
problem of the exposed crust by employing the wide-scale natural sampling j 
processes associated with sedimentation (e.g. glacial clays; rare earth ele­
ments (REE) in sedimentary rocks).
The observation that REE patterns in crustal sedimentary rocks were 
essentially uniform (Taylor, 1964, 1977,1979; Haskinet al., 1966; Wildeman 
and Haskin, 1973; Jakes and Taylor, 1974; Nance and Taylor, 1976, 1977) 
coupled with the fact that these elements are not significantly affected by 
weathering, diagenesis and most forms of metamorphism (Herrman, 1970; 
Cullers et al., 1974; McLennan et ah, 1979) enables the assumption to be 
made that processes of erosion and sedimentation are carrying out a wide- 
scale averaging of the upper, exposed crust for these elements. These patterns 
(Fig. 21-3) indicate that the average REE pattern (PAAS) is enriched in 
LREE relative to chondrites (LaN/YbN =9 . 2  where N = chondrite nor­
malized) and has a negative europium anomaly of constant magnitude 
(Eu/Eu* = 0.64 ± 0.05). These features are similar to the REE patterns 
^observed in typical granodiorites. The widespread sampling and the averaging 
programs (e.g. Eade and Fahrig, 1971) indicate also that the major-element 
Compositions of the upper crust as well as the trace element abundances
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Fig. 21-3 . REE patterns, normalized to chondrites, for the average Archaean sedim en­
tary rock (A A S) and average post-Archaean Australian sedim entary rock (PA ASR see  
Table 21-11). A lso show n are the fields for individual samples o f typical Archaean and 
post-Archaean Australian sedimentary rocks. N ote the significant differences in the 
average patterns and the small area o f overlap for the fields. AAS is similar to a typical 
andesite w hile PAAS resembles a granodiorite.
are approxim ated by granodiorite. These values, from Taylor (1979), with 
some am endm ents are given in Table 21-1.
TOTAL CRUSTAL COMPOSITIONS
Constraints on overall crustal com position come from various consider­
ations. I t  m ust be capable of generating a granodioritic upper crust. It must 
be derived ultim ately from the mantle by some comm on widespread and, 
hopefully, observable geological process. Such constraints make calc-alkaline, 
island-arc-type volcanism and associated igneous activity a viable candidate 
(e.g. Taylor, 1967, 1977) and this model is adopted here. Table 21-1 lists a 
chemical com position which is compatible with such a model. The mech­
anism of the  addition of new material to the present crust (required to  offset 
the losses by erosion) may be volcanic, leading to  volcanogenic sediments, 
or by intrusion of tonalites (andesite equivalents) and related lithologies. 
[The production of this material by two or more stages from primitive ma_ntle
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t >
C om position  o f  th e  post-A rchaean  co n tin en ta l c rust ;
i U pper crust (%) T o ta l c rust (%) L ow er crust (%)
S i0 2 66 .0 58.0 54.0
T i0 2 0.6 0.8 0.9
A120 3 16.0 18.0. 19 .0
F e O t 4.5 7.5 9.0
MgO 2.3 3.5 4.1
CaO 3.5 7.5 9.5
N a20 3.8 3.5 3.4
K 20 3.3 1.5 0.6
T o ta l 100.0 100 .0 100 .0
U pper crust T o ta l crust L ow er crust
(ppm ) (ppm ) (ppm )
Rb 110 50 20
Fb 15 7 3
Ba 700 350 175
Sr 350 400 425
La 38 19 9.5
Ce 80 38 17
Pr 8.9 4 .3 2.0
Nd 32 16 8.0
Sm 5.6 3.7 2.8
Eu 1.1 1.1 1.1
Gd 4.7 3.6 3.1
Tb 0.77 0.64 0 .58
Dy 4.4 3.7 3.4
Ho 1.0 0 .82 0 .73
Er 2.9 ;2 .3 2.0
Tm 0.41 0 .32 0 .28
Yb 2.8 2.2 1.9
Lu 0.4 0.3 0 .25
D R E E 183 97 54
E u/E u* 0.64 1.0 1.1
Y 27 22 20
Th 10.5 4 .5 1.5
U 3.0 1.25 0.4
Zr 240 100 30
H f 7 3 1
Nb 25 11 4
Cr 35 55 65
V 60 175 230
Sc 10 30 . 40
Ni 20 30 35
Co 10 25 33
Cu 25 60 78
Zn 52 — —
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will no t be discussed here (see review by Ringwood, 1974). The other candi­
dates for eruption of voluminous material from the mantle (MORB, plateau 
basalts, oceanic island basalts) are too low in silica and other elements to be 
viable candidates for bulk continental compositions (which in this case 
would be about equivalent to  bulk oceanic crust in composition).
THE PRESENT LOWER CRUST
Evidence for lower crustal com positions is inherently very difficult to 
obtain. The xenolith samples are random  and the data base (particularly for 
REE) is very small. Examples of compositions close to those predicted by 
the above model are known (Lesotho kimberite xenoliths; Rogers, 1977; 
Taylor and McLennan, 1979). However, we still lack a large-scale process 
capable of providing an index of lower crustal com position with the same 
elegance with which we can determ ine upper crustal compositions. Well- 
exposed early Archaean granulites have been considered by a num ber of 
authors (Tarney and Windley, 1977, for example) as representative of the j 
lower continental crust. This approach is probably not valid since much 
evidence (see below) indicates tha t the crust has not retained a uniform  
chemical character.
The island-arc model for continental growth firmly links plate tectonics 
with the addition of material to  the continents. The production of the ob­
servable upper crust is due i n this model to  intra-crustal melting to  produce 
granodiorites leaving a depleted lower crust. For the model given above, the 
present lower crust has the com position given in Table 21-1. REE patterns 
for the upper, lower and total crust are given in Fig. 21-4. Also shown in this 
diagram is the average REE pattern for four lower crustal granulite xenoliths 
from the Lesotho kimberlite (Rogers, 1977). Although there is significant 
scatter among the individual samples, the average REE pattern is notable for 
its close resemblance to  the lower crust pattern  predicted from the “ andesite 
m odel” for crustal growth (Taylor and McLennan, 1979).
Footnote to Table 21-1 
t  All Fe expressed as FeO.
Data for upper crustal composition adapted from the following sources: Major elements, 
Eade and Fahrig (1971) Canadian Shield data; REE from Nance and Taylor (1976) 
average post-Archaean Australian sedimentary rocks. Most other trace-element data from 
Shaw et al. (1976) values for Canadian Shield rocks. Data for overall continental crust 
composition is based on the assumption that the crust is derived from island-arc type 
volcanism (see Taylor, 1979). U values for the total crust are derived from K/U = 1CF 
and Hf values from Zr/Hf — 33. Th values 1'or the total crust are derived from Th/U = 3.6. 
The lower crustal composition is the residual remaining following extraction of the upper 
crustal values from the overall crustal composition. ---------------
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U p p e r  C r u s t  
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o Lower  Crus t  
♦ Leso t ho  Xenol i ths
La Ce Pr Nd Sm Eu G d  Tb Dy Ho Er Tm Yb Lu
Fig. 21-4. REE patterns, normalized to chondrites, for the upper, lower and total con­
tinental crust (data from Table 21-1). The whole crust data are based on the model that 
the continental crust is derived from island-arc volcanic rocks. The upper crust is taken to 
be equal to the average sedimentary rock (i.e. PAAS). The lower crust is calculated from 
these data assuming that it comprises 2/3 of the entire crust. Also shown is the REE plot 
of the average composition cf 4 lower crustal xenoliths from the Lesotho kimberlite 
(Rogers, 1977). Note the similarity of this pattern to the average lower crust and, in par­
ticular, the positive Eu anomaly.
MECHANISMS FOR PRODUCTION OF THE UPPER CRUST
What is the mechanism responsible for the present com position of the 
upper crust? The production of a “ granbdioritic” upper crust appears to  be 
due to intra-crustal processes. Several sources of evidence (heat flow, geo­
chemical elem ent balance calculations) combine to limit the thickness of 
the observable upper crust to  10—15 km. The thickness of the continental 
crust, down to the Mohoroviciic discontinuity, is about 40 km w ithout 
clearly defined seismic velocity breaks (except for the occasional presence of 
the Conrad discontinuity). The composition of the whole crust m ust be con­
siderably more basic, containing less S i0 2, Th, U, K, etc. to account for the 
heat flow and geochemical balance arguments. Experimental evidence (Tuttle 
and Bowen, 1958) indicate that the production of granitic rocks occurs 
within the P-T range typical of crustal rather than m antle regions (<  10 kb, 
1000°C). Models for the production of the upper crustal granodiorites are 
no t discussed in detail. Their production by partial melting processes seems 
established. The relative importance of removal of elements from the lower 
crust by m etam orphic processes (Heier, 1973, 1978) or by fluid phases 
(Collerson and Fryer, 1978) is inherently more difficult to evaluate. The 
processes responsible for the generation of the upper crust must involve
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cr'ystal—liquid equilibrium to produce the observed LREE enrichment and 
Eu depletion as well as large volumes of granodiorites. |
The Eu depletion in upper crustal rocks
The Eu depletion in upper crustal rocks must be intra-crustal in origin. No i 
common volcanic rocks derived from the mantle exhibit negative Eu anom- j 
alies of the order (Eu/Eu* = 0.64) typical of the average upper crust. Mid- \ 
ocean ridge basalts, intra-plate volcanics (e.g. Hawaii) and island-arc volcanics 
alike are characterized by the absence of positive or negative europium 
anomalies. The sporadic occurrences are associated with the presence, or 
absence, of cumulate plagioclase.
The basic cause of the difference in behaviour between Eu and the other i 
rare earth elements lies in the difference in valency and crystal radius between j 
Eu2+ (r = 1.39 Ä for S fold CN) and Eu3+ (r = 1.21 Ä for 8 fold CN, Shannon, j 
1976). The trivalent radius for Eu forms part of the monotonic decrease in 
radius exhibited by the trivalent REE. Eu, halfway through the REE se- ; 
quence, is more readily reduced than the neighbouring REE. The increase in j 
radius of the divalent ion causes it to enter different crystal sites to those 
available to the smaller trivalent ions. The Ca sites in feldspars readily accept 
Eu2+, which closely mimics Sr2+ in radius. Thus the most likely mechanism | 
to produce Eu depletion is partial melting where feldspar is a residual phase. , 
Since plagioclase is not a stable phase below about 40 km (10 kb), Eu anom­
alies due to this cause are thus produced by shallow intracrustal processes. 
This explanation involves crystal—liquid equilibria rather than other processes 
(e.g. aqueous transfer). . • \
Constraints on sediment subduction i
As noted above, no Eu depletion is observed in common and voluminous ! 
volcanic rocks being erupted from mantle sources, except for some trivial 
exceptions. A current geological debate concerns the amount of continental 
material which is recycled through the mantle (Armstrong, 1969; Fyfe, 
1978). i
A variety of structural (e.g. Karig and Sharman, 1975). and isotopic con­
straints (e.g. Moorbath, 1977) argue against this interpretation. A further 
difficulty arises if upper crustal continental material is subducted. This will 
bear the characteristic Eu depletion signature (Eu/Eu* = 0.64). Removal of 
this deep anomaly will call for complex mixing and rehomogenization of the 
REE. Simple remelting will not remove the Eu anomaly and it could be ex­
pected to persist, regardless of oxidation conditions, as an inherited signature . 
of the upper crust in lavas which involve some contribution from this material. *j 
As is shown later (p. 538, Fig. 21-6) even small contributions of material 
with a negative Eu anomaly have a significant effect on the resulting REE 
pattern. Accordingly, we wish to propose that the absence of a negative
535
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Eu anomaly in mantle-derived rocks restricts the contribution of post-
Archaean sediments in their source regions to trivial amounts.
UNIFORMITY OF CRUSTAL COMPOSITION WITH TIME
How far back in time can the present crustal composition be extrapolated? 
Nance and Taylor (1976) and McLennan et al. (1979) have established that 
there is no significant change in the upper crustal compositions, as represented 
by the sedimentary REE patterns, until the early Proterozoic. A major change 
is associated with the Archaean—Proterozoic boundary, conventionally set 
at 2500 Ma ago. The details of this change, best demonstrated from the 
Huronian and Pine Creek Geosyncline sequences, will be discussed later. The 
evidence from a major chemical change at the Archaean—Proterozoic bound­
ary is reinforced by data from many sources (e.g. Sr isotopes, Veizer, 1976; 
Sm-Nd isotopes, McCulloch and Wasserburg, 1978).
On the basis of REE evidence, the island-arc model for the production of 
new continental material can thus be inferred to act uniformly back to the 
base of the Proterozoic. The role of crustal rev/orking resulting from intra­
plate tectonic activity (Wynne-Edwards, 1976; Kroner, 1977), which seems 
to be an important process in forming orogenic belts during much of the 
Proterozoic, cannot be addressed easily from the REE evidence. Firm geo­
logical evidence for modern subduction processes is only available back to 
about 1000 Ma ago (see Fyfe, 1976). It is clear from the palaeomagnetic 
evidence (McElhinny and McWilliams, 1977; Morris et al., 1979) that the 
configuration of the continents during most of the Proterozoic was much 
different from the present situation. It is also clear that the continents did 
move by large distances. Such movement would probably have been associ­
ated with some type of subduction processes. The R.EE evidence from the 
continental crust is consistent with the operation of presently observable 
processes of continental evolution back to the beginning of the Proterozoic 
Era. This uniformitarian approach does not appear to hold for the Archaean.
REE PATTERNS IN ARCHAEAN SEDIMENTARY ROCKS AND THE 
COMPOSITION OF THE ARCHAEAN CRUST
A significant change in REE patterns, matched by other parameters, 
occurs in sedimentary rocks at the Archaean—Proterozoic boundary. These 
patterns, also shown in Fig. 21-3, have significantly less LREE enrichment 
(LaN /YbN = 4.8) and they do not normally have any significant Eu anomaly. 
Several questions arise immediately about these patterns. Are they repre­
sentative of Archaean sedimentary rocks? Do they provide us with an ; 
estimate of the Archaean crust, exposed to erosion, in the same manner that ! 
'the REE patterns in post-Archaean rocks have been used? The sampling is • 
inevitably more restricted. REE patterns also commonly show more variation i
489 .
L ...... . .......... :
in the Archaean sediments than appears to be the case for post-Archaean 
examples.
j Sedimentary rocks used to  estimate Archaean upper crustal abundances 
are derived exclusively from greenstone belts. This raises the spectre of 
biased sampling so th a t the Archaean REE crustal pattern  so derived could 
be unrepresentative of exposed Archaean crust. This is a crucial consider­
ation. Several pieces of evidence strongly indicate tha t Archaean sedimentary 
rocks do represent a wide-scale sampling of all m ajor Archaean lithologies. A 
recent survey of Archaean mafic and ultram afic volcanic rocks (Sun and 
Nesbitt, 1978) indicate th a t relatively flat REE patterns are typical of green­
stone lithologies. Felsic differentiates, which would be expected to be LREE 
enriched (Fryer and Jenner, 1978; for example), probably represent no more 
than about 10—11% of a typical greenstone pile. This is too small a volume 
to  account for the shape of typical Archaean sedim entary REE patterns. 
Volcanic rocks which have REE patterns indistinguishable from m odern 
calc-alkaline volcanics do exist but are quantitatively unim portant.
There are localized examples of Archaean sedim entary rocks which dis­
play very steep REE patterns (Nance and Taylor, 1977) and which are clearly 
derived from nearby granitic rocks with closely similar patterns. Archaean 
sedimentary REE patterns may also exhibit positive Eu anomalies (Nance 
and Taylor, 1977) with magnitudes far greater than those found in green­
stone belt lithologies. Such a characteristic is best explained by plagiociase 
accum ulation from  typical Archaean Na-rich granitic rocks which may also 
display such Eu behaviour (O’Nions and Pankhurst, 1978). Convincing 
evidence for widespread sampling is also available from detailed studies in 
the  Archaean greenstone belt from the Kambalda district, Western Australia. 
REE patterns from this area, where sedim entary rocks are sandwiched 
between basaltic and ultram afic lavas, are^not influenced by the local environ­
m ent (Bavinton and Taylor, 1980). The patterns are very typical of Archaean 
sedimentary rocks and m ust reflect a more distant provenance. Detailed 
petrological and geochemical studies display a significant granitic com ponent 
(Bavinton, 1979). A major granitic com ponent (com m only >  25%) for many 
Archaean sedim entary rocks is well established (Pettijohn, 1943).
A nother piece of evidence relating to  the provenance of Archaean sedi­
m entary rocks comes from Lower Proterozoic sedim entary REE patterns. 
Sedimentary rocks from the lower part of the Huronian succession (McKim, 
Pecors Form ations) display REE patterns which are similar to  those of 
Archaean sedim entary rocks (the significance of this will be discussed in 
following sections). These rocks were clearly derived from a complex granitic 
and greenstone terrain (see McLennan et ah, 1979). Similar characteristics 
are found in Lower Proterozoic sedim entary rocks from the Pine Creek 
Geosyncline, Australia (McLennan and Taylor, 19S0). It is thus well estab­
lished th a t Archaean-like REE patterns can be derived from such a complex 
provenance (see p. 538).
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I~ Accordingly, we can safely conclude that the Archaean sediments do 
indeed represent a widespread and, by analogy with post-Archaean sediments, 
an average sampling of the exposed Archaean crust, and that we may with 
suitable caution proceed to an overall estimate of the upper Archaean crust. 
The resulting REE patterns (Fig. 21-3) most closely resemble those of 
present-day island-arc volcanic rocks. The absence of an Eu anomaly indi­
cates the lack of dem onstrable intracrustal melting or of crystal—liquid 
differentiation a t depths where plagioelase is a stable phase. The lower LREE 
enrichm ent likewise indicates a more primitive or less evolved composition. 
This com position appears to  be similar to the bulk com position of the 
present crust (Table 21-1).
The evidence from the Akilia m etasedim ents of West Greenland indicates 
th a t this situation extends back to  3.7 aeons. We adopt the model here tha t 
a cataclysmic bom bardm ent, similar to  tha t which afflicted the Moon, Mars, 
M ercury and probably Venus (as well as Ganymede and Caliisto), struck the 
Earth at or before 3.9 aeons, obliterating the earlier record.
THE ARCH AEAN—PROTEROZOIC TRANSITION AND THE ABUNDANCE OF 
K-RICH GRANITES IN THE ARCHAEAN CRUST
An underlying them e in this discussion has been the distinct difference 
betw een Archaean and post-Archaean sedim entary REE patterns and, by 
inference, the difference in upper crustal compositions. Some understanding 
of the  reasons for this difference is now available. Detailed studies of Lower 
Proterozoic sequences in Canada and Australia (McLennan et al., 1979; 
McLennan and Taylor, 1980) reveal a rapid evolution of sedim entary REE 
patterns associated with the Archaean-^Proterozoic boundary (Fig. 21-5). 
It has been suggested (McLennan et al., 1979) tha t the large volumes of 
K-rich granitic rocks intruded into m ost shield areas (Goodwin, 1972, for 
example) were responsible for the change. The rapidly changing REE patterns 
docum ented in the Huronian (Fig. 21-5) represented increasing unroofing of 
these rocks a t the end of the Archaean.
Can quantitative limits be placed on such a model? A com pilation of 36 
late Archaean (<  3000 Ma) K-rich granitic rocks has been rftade (Table 21-11). 
Mixing calculations between this com position and the Average Archaean 
Sedim entary rock (AAS) indicate th a t about 1/3 K-rich granite m ust be 
added to the upper Archaean crust to  produce typical post-Archaean sedi­
m entary REE patterns (Fig. 21-6). Such a calculation is approxim ate since 
com plexities arise from other lithologies derived from late Archaean plutonism 
as well as the presence of felsic differentiates in the greenstone belts.
I K-rich granites and granodiorites appear sporadically throughout the 
A rchaean (e.g. Greenland; Mason, 1975) but it is unclear how much of this 
evolved granite was present in the early Archaean crust. Evidence from
538
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Gordon  Lake
(Eu/ E ux = .64)
Serpent  (Eu/ E u* = . 72 )
Fig. 21-5. Average REE patterns, normalized to chondrites, for fine-grained sedimentary
rocks from selected Lower Proterozoic Huronian formations. The formation averages are 
presented in stratigraphic order vdata from McLennan et ah, 1979). Also presented, for 
comparison, are AAS and PAAS. Note the similarity of the lower Huronian units (McKim 
and Pecors Formation) to AAS except for slightly higher L a ^ /Y b ^  and a slight negative 
Eu anomaly. These patterns are considered to be slightly evolved from AAS towards 
PAAS. REE patterns from the top  of the Huronian (Gordon Lake Formation) are in­
distinguishable from PAAS. Data from Lower Proterozoic sedimentary rocks from the 
Pine Creek Geosyncline, Australia, show similar trends (McLennan and Taylor, 1980).
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fTXBLE'21-II
REE abundances in AAS, PAAS, average late Archaean K-rich granite and chondrites
Element AAS1 PAAS2 K-Granite3 C hondrites4
La 12.6 38 96 0.367
Ce 26.8 80 179 0.957
Pr 3.13 8.9 — 0.137
Nd 13.0 32 — 0.711
Sm 2.78 5.6 11.7 0.231
Eu 0.92 1.1 1.3 0.087
Gd 2.85 4.7 — 0.306
Tb 0.48 0.77 1.4 0.058
Dy 2.93 4.4 — 0.381
Ho 0.63 1.0 — 0.0851
Er 1.81 2.9 — 0.249
Tm — — — 0.0356
Yb 1.79 2.8 4.0 0.248
Lu — — — 0.0381
1 AAS =-Average—Archaean Sedim entary rock. Values derived from average of typical 
fine-grained Archaean sedim entary rocks from Western Australia (Nance and Taylor, 
1976; Bavinton and Taylor, 1980).
2 PAAS =  post-Archaean Average Australian Sedim entary rock. Values from Nance and 
Taylor (1976).
3 Average o f 36 late Archaean K-rich granitic rocks. Data from Condie and H unter 
(1976); Chou et al. (1977); Nance and Taylor (1977); McLennan et al. (1979) and 
McLennan and Taylor (1980).
4 Chondrite normalizing factors. These values are derived from the Type I carbonaceous 
chondrite abundances (Evensen et al., 1978; Mason, 1979) multiplied by 1.5 to  allow 
for removal o f volatiles (mainly carbon com pounds and H^O). These values are system­
atically 18% higher than  those given in Taylor and G orton (1977).
mixing calculations, similar to those given above, reveals that the contri­
bution from such rocks must have been less than 10%.
Figure 21-6 illustrates the effect on the Archaean REE patterns of the 
addition of typical K-rich granitic material. Apart from the LREE enrich­
ment the most diagnostic feature is the Eu depletion which the granitic 
debris imposes on the Archaean sedimentary pattern. As is evident from 
Fig. 21-6 the presence of more than about 10% “granite” ‘(s.l.) will produce 
a discernible depletion in Eu in the patterns.
THICKNESS OF THE ARCHAEAN CRUST
f
< The strong negative Eu anomalies seen in late Archaean K-rich granites, 
and which are characteristic of the post-Archaean upper crust, are explained 
by partial melting in the lower crust with feldspar as a residual phase (see 
p. 535). The thickness of the late Archaean crust is thus critical for such 
melting to be intra-crustal. ________
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Fig. 21-6. REE diagram, normalized to chondrites, for AAS, FAAS and the average of 
36 late Archaean K-rich granites (see Table 21-11). Also shown are REE patterns for 
various mixes of AAS and average K-rich granite. Note that even a small amount of K-rich 
granite (10%) mixed with AAS results in a significantly Eu anomaly. This indicates that 
K-rich granites were not a significant source for Archaean sedimentary rocks. A mixture 
of 2/3 AAS and 1/3 K-rich granite results in a REE pattern virtually indistinguishable 
from PAAS. The intrusion of K-rich granites near the end of the Archaean appears to be 
responsible for the change in the composition o£the upper continental crust.
Present concepts are highly polarized with estimates ranging from very 
thin (<  15 km; Fyfe, 1973 ,1978; Hargraves, 1976) to  thick crusts (25—30 km; 
Tam ey and Windley, 1977) with some estimates as high as 80 km (Condie, 
1976). Collerson and Fryer (1977) have noted tha t estimates for thin crust 
are derived from examining early Archaean rocks ( >  3000 Ma). The evidence 
from m etam orphic and experimental studies (Collerson and Fryer, 1977; 
Newton, 1977; Tam ey and Windley, 1977) strongly suggests that by about 
2900 Ma geothermal gradients had decreased sufficiently to allow crustal 
thickness of up to 40 km or more. In summary, the geological and geo­
chemical evidence are consistent with a thick crust in the late Archaean. This 
perm its the form ation of K-rich granites by intra-crustal melting, in accor­
dance with the isotopic (McCulloch and Wasserburg, 1978) and experimental 
evidence (Tuttle and Bowen, 1958).
MODELS FOR THE ORIGIN OF THE Ar / a EAN UPPER CRUST 
; ! 
; The average Archaean REE patterns which mimic those of calc-alkaline
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rocks could be derived from the m antle, unlike the post-Archaean upper 
crustal com positions. We thus arrive at the conclusion tha t the Archaean 
upper crust was much less “ evolved” than th a t of Proterozoic and later times. 
This conclusion agrees for example with the Sm-Nd models of McCulloch 
and Wasserburg (1978).
By following the same line of reasoning as was used to  determ ine the 
com position of the post-Archaean upper crust, it may be deduced (Taylor, 
1979) tha t the  Archaean upper crustal com position is close to th a t of 
average island-arc volcanic rocks (that is, it is very similar to the overall bulk 
com position of the present crust). Does this constitu te evidence for uni- 
form itarianism ? The answer is no, or at least equivocal. The evidence for 
large-scale “ calc-alkaline” volcanism of conventional type is no t persuasive.
A num ber of examples occur (see pp. 536—538) bu t these do no t appear to j 
comprise a large fraction of Archaean rocks exposed at present. Although 
such volcanics are rapidly eroded to  form volcanogenic sandstones, the 
evidence both  from the greenstone belts and the “ granitic” terrains is that 
of two principal rock types. These are tholeiitic basalts and tonalitic or 
trondhjem itic granitic rocks. The form er have mainly flat REE patterns 
while the  la tte r are typified by steep LREE enriched-HREE depleted pat­
terns (O ’Nions and Pankhurst, 1978; Arth and Hanson, 1975; Drury, 1978). 
Localized sedim entary REE patterns (Nance and Taylor, 1976) occasionally 
show this distinctive pattern . Mixing of the tholeiitic patterns with these 
steep REE patterns can reproduce the Archaean sedim entary rock pattern  
by this m echanism  (Nance and Taylor, 1976; Taylor, 1977), so th a t the 
REE evidence cannot be used to  distinguish this model from an overall 
calc-alkaline crustal model. A ttem pts to  use Ni and Cr abundances in the 
sediments (which could be higher than in more recent sediments due to the 
input from  the tholeiitic com ponent) do not clearly distinguish Archaean 
from post-Archaean sediments (Taylor, 1977). We assume th a t the dom inant 
rock types produced in the Archaean were tholeiitic basalts and tonalitic- 
trondhjem itic intrusives with m inor production of calc-alkaline rocks in­
distinguishable from  their m odern analogues (Taylor and Hallberg, 1977).
Q uantitative estim ates of the various lithologies are inherently difficult 
to make bu t some significant constraints are available. Let us consider the 
two com ponent system , consisting of greenstone and granitic material 
(which would be dom inated by the tonalite-trondhjem ite series). The average 
REE pattern  of greenstones is best approxim ated by the average Archaean 
mafic volcanic. This pattern is flat (Sun and Nesbitt, 1978)(minor fluctu­
ations in the  LREE do not affect this argum ent) at about 8—11 times 
chondritic values. A value of 10 x chondrite is adopted for this discussion. 
Using the values and the REE pattern for the average Archaean sedim entary 
rock (AAS) we can calculate the probable shape o f the average REE pattern 
in the tonalite-trondhjem ite com ponent for varying mixing proportions.
Although Archaean tonalites and trondhjem ites possess a wide range of
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REE concentrations they are characterized by steep patterns. Glikson (1979) 
has recently summarized much of the available data. The range of most of 
these rocks can be represented by a field ranging from 30—100 x chondrite 
a t La to  about 0.5—5.0 x chondrite a t Yb (Fig. 21-7). Any Eu anomalies 
must average out or they would be seen consistently in the sedimentary data.
If we compare the known range of REE patterns in the tonalite-trondhjem ite 
suite with the values obtained by the mixing calculations, we can constrain 
the proportion of this material exposed in the Archaean crust. The proportion 
must have been m ore than 30% to explain the IIREE abundances in AAS
A r c h a e a n  t o n a l  it es 
a n d  t r ondhj emi t es
- 7 0 ?.
• A AS
° Ma f i c  v o l c a n i c
Sm Eu Gd  Tb Dy Ho ErPr NdLa Ce Tm Yb
Fig. 21-7. REE diagram, normalized to chondrites, for AAS, average Archaean mafic 
volcanic (see text) and a field representing the majority of Archaean Na-rich granitic 
rocks ( tonalite- trondhjem ite  suite). Also shown are the expected average REE patterns 
of Na-rich granitic rocks for various mixing calculations (assuming that AAS equals the 
average Archaean upper crust REE pattern); for example, the 30% REE pattern is the 
expected average for Na-rich granitics if they represent 30% of an exposed crust com­
posed of mafic volcanics and Na-rich granitic rocks (see text for discussion). It is clear 
that reasonable mixes of Archaean basalts and Na-rich granites can produce the average 
Archaean sedimentary rock pattern. ____ _________’
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(note that lowering REE levels in the mafic volcanic would increase this 
value) and the LaN /YbN ratios seen in the ancient granitic rocks. An upper 
limit of about 60% is also constrained by the LaN /YbN of the granitic rocks.
•' Given reasonable values for the average LaN /YbN, we would suggest that 
the range of ratios of tonalite-trondhjemite series rocks to mafic volcanics 
is from 1:2  to 1:1. Such an estimate is only a first order approximation 
since calculations would be complicated by the presence of lithologies such 
as ultramafic rocks, felsic differentiates and mere fractionated granitic rocks 
such as the K-rich variety. The proportion of these rocks is low and their 
REE patterns tend to “average out” to AAS. Thus, the suggested ratios are 
not changed by these factors.
These calculations enable some tests to be made on current models of 
crustal evolution and growth. Hargraves (1976) has proposed that by about 
3.5 Ga the earth had a globe-encircling sialic crust which was completely 
submerged beneath the oceans. During the period 3.5—2.5 Ga greenstone 
piles dominated the land masses above sea level. This model has been sup- ; 
ported by Fyfe (197S). Such a scenario is in conflict with the sedimentary 
REE data. It is clear that significant amounts of greenstone and granitic 
debris were incorporated into sedimentary rocks throughout the Archaean. 
This indicates that the upper exposed crust was chemically and lithologically 
complex for as far back as the sedimentary data are available (Akilia associ­
ation, >  3.7 Ga; McGregor and Mason, 1977; Taylor, 1979).
SPECULATIONS ON TECTONIC CONDITIONS IN THE ARCHAEAN
What were the geological conditions which gave rise to the Archaean crust. 
It appears that extrusion of basalts (some indistinguishable from MORE; Sun 
and Nesbitt, 1978) took place under conditions probably not much different 
from today, except for higher heat flow and more rapid mantle convection. 
Such conditions imply that sea-flocr spreading occurred, a view reinforced 
by the lateral extent of greenstone terrains. Possibly large volcanic domes 
were also constructed. Sinking of dense basaltic material could lead to the 
formation of mafic amphibolites, mafic granulites or eclogites depending on 
P-T conditions. Partial melting of such materials at depth produces the 
tonalitic and trondhjemitic intrusives. Their steep REE patterns are a con­
sequence of equilibration with garnet as a residual phase. Weathering and 
erosion of both these terrains (which must have been above sea level, pace 
Hargraves, 1976) produces the typical Archaean sedimentary REE patterns. 
This model is similar to that of Tarney et al. (1976). It involves a distinctive 
tectonic regime which commences with extrusion of tholeiitic basalt, possibly 
followed by sea-floor spreading, piling up of tholeiitic masses and sinking of 
these which, in turn, produce the more acidic intrusives by partial melting. 
The intrusive masses coalesce, or are pushed together, to form the Archaean 
cratonic nuclei. ____>
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At the end of the Archaean, massive intra-crustal melting produces a grano-
dioritic upper crust and the continental crust assumes its present character.
This event is conventionally dated at 2500 Ma, although the actual age varies 
on each continent (e.g. Cloud, 1976). The continental regions now form 
massive barriers to  sea-floor spreading and basalt sinking of Archaean times, i 
largely as a consequence of increasing size. Initiation of modern subduction- 
type tectonics occurs when the sea-floor basalts spreading from  ridges, 
encounter the buoyant continental masses.
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The composition of the* present-day upper crust, inferred from the uniformity of 
sedimentary rock r.e.e. (rare earth clement) patterns, is close to that of granodioritc. 
A revised ‘andesite' model is used to obtain total crustal composition. The lower 
crust is the composition remaining, assuming that the upper crust, one-third of the 
total, is derived from intracrustal partial melting. The upper-crustal r.e.e. pattern has 
pronounced Lu depletion (Lu/Lu* = <L(>4), the lower-crustal pattern has Eu 
enrichment (Eu/Eu* = 1.17) and the total crust has no Eu anomaly relative to 
chondritic abundances. The Eu depletion in the upper crust is attributed to retention 
of Eu in plagioclasc in the lower crust. Because plagioclasc is not stable below 40 km 
> lo  kbar), the anomaly is intracrustal in origin.
The Archaean upper crust has a different r.e.e. pattern to that of the present-day 
upper crust, being lower in total r.e.e., and La/Yb ratios, and lacking an Eu 
anomaly. These data are used to infer the Archaean upper-crustal composition, 
which resembles that of the present-day total crust, except that Ni and Gr contents 
are higher. The Archaean crustal composition can be modelled by a mixture of 
tholeiites and tonalitc trondhjemiles. The latter have steep light r.e.e.-enriched-heavy 
r.e.e.-depleted patterns, consistent with equilibration with garnet and hence probable 
mantle derivation. There is little reason to suppose that the Archaean lower crust was 
different in composition from the upper crust, except locally where partial melting 
episodes occurred. The r.e.e. evidence is consistent with isotopic and geological 
evidence for a low continental growth rate in the early Archaean, a massive increase 
I to about 70% of the total crust) between about 3000 and 2.700 Ma b .p . and a slow' 
increase until the present day. The change from Archaean to post-Archacan r.e.e. 
patterns in the upper crust is not isochronous, but is reflected in the sedimentary rock 
r.e.e. patterns at differing times in different continents. On the basis of a model 
composition for the mantle, 30%  of the potassium, 30%  of uranium, 13% of 
lanthanum and 3%  of ytterbium are concentrated in the present continental crust. 
This enrichment is related to ionic size and valency differences from common mantle 
cations (e.g. Mg, Ee). Prc-3.9 Ga b .p . crusts were obliterated by meteorite bombard­
ment. No geochemical evidence exists for primordial anorthositic, sialic or mafic crusts.
1. R a r e  e a r t h  e l e m e n t s  a n d  c r u s t a l  a v e r a g e s
The formation of sedimentary rocks, involving weathering, erosion, transportation, 
deposition and diagenesis, provides a sampling of the exposed continental crust. How: 
representative this sampling is depends both on the type of sediment and on the behaviour 
of the chemical elements during its formation. Thus readily soluble elements, being con­
centrated in the oceans and in evaporite deposits, will not record their crustal abundances 
in any simple fashion. Elements with low solubility and mobility, and with short residence 
times in sea water, will be transferred quantitatively into dctrital sediments and preserve 
a record of the source rock compositions. The rate earth elements (r.e.e.) (La-Lu) appear to 
meet those latter condition-,. The uniloi miiy of their abundance patterns in clastic sedimentary
1 I » ?  J
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rocks argues both for the widespread sampling being carried om by sedimentary processes, 
and for the inherent stability of the r.e.e. during those events.
The r.e.e. have negligible residence times in sea water (50-000 a (Goldberg ct al. 1973; 
Piper 1974)). Haskin N Paster (1979) note that the r.e.e. concentration in the oceans ‘is less 
than the amount present in the upper 0.2 mm of ocean floor sediment’. Accordingly, the 
distribution of the r.e.e. in sedimentary rocks is essentially unaffected by the marine environ­
ment. Other studies demonstrate the immobility of the r.e.e. during diagenesis and 
metamorphism (see, lor example, Mticckc ct al. 1979), except in some examples occurring 
during low-grade metamorphism of basalts (see, for example, Floyd 1977).
The uniformity of r.e.e. patterns in sedimentary rocks was first used by Taylor (1964'! to 
derive an element abundance table for the continental crust. Since that time, the data have 
improved both in quality and quantity. Thus the r.e.e. abundance patterns in post-Archaean 
shales have Lax/Ybx ratios of 9 .2 + 1.5 (where N stands for chondriic normalized) and 
Eu/Eu* values of 0.04 + 11.05 (Nance <S: Taylor 1976; Taylor & McLennan 1981c/). (Eu* is the* 
theoretical Eu concentration for no Eu enrichment or depletion relative to neighbouring 
r.e.e.). This uniformity, which occurs in all clastic sedimentary rocks except for some first-cycle 
sediments (Nance N Taylor 1977), is interpreted to indicate that the processes of formation 
of clastic sediments are carrying out a widespread and average sampling of the upper crust, 
which preserve and record its average rare earth abundance pattern.
2. C o m p o s i t i o n  of  t h e  p r e s e n t  u p p e r  c r u s t
In discussing crustal abundances, it is necessary to distinguish the upper crust (10-15 km 
thick), exposed to weathering and erosion, from both the generally inaccessible lower crust, 
and the total crust (typically 40 km thick) above Mohorovicic discontinuity. Heat-flow' data 
and element balance calculations combine to indicate that the observed upper crustal 
abundances, for example of IN, U and Th, cannot extend to the base of the crust.
The sedimentary rocks provide a measure of the r.e.e. abundance patterns, but the wide 
dispersal of many other elements (e.g. Rb) during their formation does not make them a suitable 
base from w hich to calculate crustal compositions. Even the use, by Goldschmidt (1954), ofglacial 
clays derived from mechanically abraded rock flour produces compositions depleted in Na and Ga 
among the major elements. In the models used here, the assumption is made that the crust 
is ultimately derived from the mantle, and that the upper crust is derived from the lower crust 
by igneous processes. Accordingly, the upper-crustal r.e.e. patterns, deduced from sedi­
mentary rocks, represent those of the igneous source material. The r.e.e. upper-crustal patterns 
are equivalent to those observed in granodiorites. This assumption is confirmed from direct 
sampling of upper-crustal rocks (Lade & Fahrig 1971, 1973; Shaw ct al. 1967, 1976), which 
produce ‘granodioritic’ average compositions. The upper-crustal composition derived in this 
manner is given in table I. It is distinguished by high concentrations of the large-ion lit hophile 
(l.i.l.) elements and is characterized by a marked Eu depletion.
Three observations combine to suggest that the absolute upper-crustal abundances of the 
r.e.e. are about 20 % lower than in the post-Archaean average Australian sedimentary rock 
(p.A.a.s.): (a) upper crustal estimates based on sampling of igneous rocks give average La 
abundances of about 30 pg/g (Shaw ct al. 1976); (//) fine-grained sediments such as shales 
contain about 20- 3 0 % more r.e.e. than do coarser clastic sediments of the same major-element
t 198 ]
5 0 3 .
RARE EARTH EEEMENTS IN S E D I ME N T A R Y  ROCKS  383
chemistry; and (rj elastics constitute about 70- 80% of sedimentary rocks at the surface of 
the crust, hut contain the hulk of the r.e.c., carbonates and evaporites having very low 
abundances.
Accordingly, the posl-Ai chaean sedimentary r.e.c. abundances have been reduced by 20% 
i'e.g. La from 38 to .30 gg/g) to give the upper-crustal values. The relative patterns remain 
parallel. The total r.c.e. in the upper crust becomes 14S gg/g. With the exception of this change 
in the r.e.c. abundances, the other values are unchanged from those of Taylor (1977, 1979a).
3. M o d e l s  lor  t o t a l -c r u s t a l  c o m p o s i t i o n
The upper-crustal composition has a reasonably established observational base and provides 
one boundary for total-crustal compositions. The derivation of the continental crust from 
various sources was discussed by Taylor (1967) who concluded that island-arc volcanism 
provided the only presently observable viable source, both from volume and compositional 
considerations. The average composition of present-day island-arc rocks was accordingly used, 
on uniformitarian grounds, to establish the bulk composition of the continental crust and has 
become labelled as the ‘andesite' model. Although considerable progress has been made since 
that time, only slight modifications to the crustal averages appear to be needed at present 
(tables 1, 2).
The average composition of erupted material at island arcs has been much debated, but 
consensus appears to be emerging, based on statistical treatment, that the average silica content, 
for example, is about 5 7 -5 8 %  Si0 2 (Ewart 1976). The Th/U  ratio used in previous estimate 
(Taylor 1977, 1979a) was based heavily on that of intraoccanic arcs. These modern arcs may 
be sampling somewhat depleted mantle, since their Th / U ratios arc similar to those of mid- 
ocean ridge basalt (m.o.r.b.). Many calc-alkaline volcanic rocks in continental or continental 
margin arcs have Th/U close to 3.S (e.g. in northeast Japan (Masuda & Aoki 1979)). 
Accordingly the Th/L: ratio has been revised to 3.8. The U abundance has been raised from 
1.0 to 1.25 gg/g to be consistent with an overall K /U  ratio of 104. These new values provide 
a total crustal heat flow of 0.032 W/m2 (0.70; (h.f.u.)) for a crust 40 km thick. For a total 
continental heat flow of 0.053 W/m2 (1.2 h.f.u.)'' (Lee 1970) the average mantle-derived heat 
flux accordingly is 0.0183 W/m2 (0.44 h.f.u.) for a crust 40 km thick, or 0.0203 W/m2 (0.03 
h.f.u.) for a crust 30 km thick (M. Harrison, personal communication). Rb has been lowered 
to 42 pg/g to give K/Rb = 300. The model composition is otherwise unchanged from that of 
Taylor (1977, 1979 a).
4. P r e s e n t  l o w e r -c r u s t a l  c o m p o s i t i o n
A model for overall lower-crustal composition may be calculated from the total-crustal 
composition by subtracting tin' observed upper-crustal composition. The results of this 
calculation arc given in table 1, based on the assumption that the upper crust constitutes 
one-third of the total. This calculation is based also on the model that the upper crust is 
derived by intracrustal partial melting (see § 9). Among the characteristics of the lower-crustal 
composition modelled here, is the presence of enrichment in Eu compared to the neighbouring 
r.e.e. The light r.e.c. still display some enrichment relative to chondrites (figure 1).
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\ \  iik 11971). Data  muliipli<‘(1 1 >\ 1.171» Io allow lor loss 
o f  11,0 . CI. S.
Mason (197()). Dale lor Orgucil from table SI. pp. 
Hi l l  Hl 12 . \  allies multiplied bv 1.0 lo allow for
volatile loss.
Meller et ul. 11978). Data multiplied bv 1.5 .
From l.i/He -- 33 (Dreibus ft a!. 1976).
Shima (1979). Data muliiplied bv 1.7».
Mason (19791. Average C-l value ( x Lös.
Mason (19791. b u n a  data ( x 1.5 ).
Krahenbuhl ft al. (1973'. Data muliiplied by 1.7». 
Evensen ft al. (1978). Mean C-1 values multiplied by 1.7». 
Extrapolated value from neighbouring r.e.e.
From Zr/Hl = 33.
From Th/U -- 3.8 .
J. II. Crocket, personal communication (1977 1.
Taylor 11979c;. Values based mainly on nodule data. 
Ratio of Al. Ga and Ti to volatile-free cliondritic values 
(column 1 ) is 1.3(1. This ratio is used to obtained mantle 
abundances for refractory elements bom the cliondritic 
data, with the assumption of no relative fractionation. 
Refractory trace element value from col. 1 of Taylor 
(1979 rj. multiplied by 1.39 (see note II).
From Xi/Co = 2o (G-l value).
G-l value multiplied by 1.3(i.
From FeO/MnO = GO (Dreibus (1977).
K from K Ar (Taylor 1979c) and K /U  = Hi1. 
jRbJ from Rb/Sr = 0.031 (O’Xions ft al. 1979). This 
gives K/Rb = 377». I bis implies loss of Rb relative 
to K during accretion of yard) since K/Rb for C-l is 
200 (see note 27»).
21 Front N a/K  — 14 (Taylor 19S0 ).
22 Rb/C s in crust isra. 30 compared to 12 in chondrites. Cs 
will be enriched in crust relative to Rb. Thus 0.010 pg/g  
(from R b/C s — 30) is an upper limit.
23 From T l/U  = 0.022 (Krahenbuhl ft al. 1973).
24 1'rom L i / /r  = 0.10 (Dreibus ft al. 1977).
27» Total crustal data based on ‘andesite m odel’ from Taylor 
( 19791?). The uranium abundance has been revised from 
1.0 to 1.25 p g /g  by means of K /U  =  1U4. Th has been 
raised to 4.8 p g/g  to conform to T h /U  = 3.8. H f has 
been revised to 3.0 pg/g  (from 2.2 pg/g) to be '^insistent 
with cliondritic / r / H f  — 33. TI from Shaw ft at. ( 1976). 
R.e.e. data have been lowered by 20%  from those 
cptoted by Taylor (1977. 1979«). See text for discussion. 
Rb has been lowered from 50 (Taylor 1977) to 42 pg/g  
to be consistent with K /R b  = 300. This ratio implies that 
Rb is partitioned into the crust preferentially to K (cf. Cs. 
source note 22).
20 Major element data. Ha. Co. Cu and Zn from Goodwin
(1977) -
27 R.e.e. from average Archaean sedimentary rock (a.A.s.) 
(Taylor & McLennan 1981/7).
2s Rb from K /R b  = 300. U from K /U  =  10*, Thf from 
T h /U  = 3.8, H f from Z r/H f = .33.
2*1 Sr. Zr, V, Xi from tholeiite/tonalite-trondhjemite mix 
(50:50). Tholeiite data from Sun & Nesbitt (1977. 
1978). Tonalite and trondhjemitc data from Glikson
( 1978)  .
30 11. Fahne (personal communication).
T able 2 . M ajor-element compositions for C -1 carbonaceous chondrites  ^ volatile-free), 
primitive Earth mantle, present Earth continental crust, present upper and lower 
continental crusts and the Archaean upper continental crust
(Data are percentages (by mass). Sources given in notes following table 1.)
C-l primitive
volatile-free F.arth mantle
SiO, 33.3 45.0
TiO*. 0,1 1 Oj 15
A LÖ , 2.43 .3‘.3
FeO 35.0 8.0
MgO 23.4 40.0
CaO 1.04 2.05
Xa„0 1.07, 0.34
K .b 0.11 0.02
XiO l .1)2 0.25
C r,0 3 0.52 0.44
MnO 0.34 0.13
V 100.12 100.1
present present present Archaean
Earth crust upper crust lower crust upper crust
7,8.0 00.0 7,4.0 57.4
0(8 olo 0.11 0.0
is '.o l«».0 103) 15.0
7.5 4.5 0.0 0.5
3.5 2.3 4.1 5.2
7.5 3.5 0.5 7.3
3.5 3.8 3.43 3.1
1.5 3.3 o.O 0.0
100.3 100.0 100.4 yo.o
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I lie general problem of airiving al estimates ol lower-crustal compositions is severe. Xo 
average sample analogous 10 that produced for die r.e.e. by .sedimentary processes appears to 
be available. The available material from high-grade granulitr terrains ('either exposed, or 
from xenolilhs) might be atypical, similar to random sampling of npper-eriisial rocks, which 
would provide a wide diversitv of compositions.
.£• 100
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
element
Fi m -rf. 1. R.e.e. patterns, normalized to chondritic abundances (C-l, volatile-free) for the upper, lower and 
total continental crust. Data from table l ; o ,  upper crust;®, total crust: O. lower crust; ♦.Scourian terrain 
and Lesotho xenolilhs. The upper-crustal patterns are parallel to those of p.A.als. (posl-Archaean sedimentary 
rock), but the abolute abundances are 20 ° n lower (see text). The lower crust is assumed to be two-thirds of 
the total crust. Note relative Eu enrichment in the lower-crustal model composition. The average Scourian 
terrain r.e.e. patterns (Muecke rt al. 1979) and those from Lesotho xenolilhs (Rogers 1977 ) closely conform 
to the predicted lower-crustal patterns. Note that Sni/Nd ratios in the lower crust are close to chondritic 
v alues. (Reproduced from Taylor & McLennan (1981«).)
The present model provides some testable predictions. Average lower-crustal samples should 
have positive Lu anomalies. The calculated Sm/Nd average ratio is 0 .30 , similar to chondritic 
values of 0 .325 , much higher than the upper-crustal average ol 0 .18. The estimated lowcr- 
crustal value is thus not readily distinguishable from chondritic or undeplcied mantle values, 
ilWe allow for the uncertainties in the calculations. The normative composition for the lower 
crust has about 0<i"n plagioclase (Taylor 1977), consistent with the high Cl;», Al, Sr and Lu 
contents.
Samples that display some characteristics of the model proposed here may be found both 
in xenolilhs from Lesotho kimberlites (Rogers 1977) and in the exposed Lewisian gneisses 
(Muecke et at. 1979). The well studied Scourian terrain of the Archaean Lewisian gneiss 
complex (Holland & Lambert 1975) is enriched in Lu relative to the other r.e.e. (Muecke ct al. 
1979). The r.e.e. patterns of the constituent minerals of the granulites indicate equilibration 
with a granodioritic liquid, consistent witli the model adopted here. The age relationships ol 
these even ts  i Hamilton . /  al. 1979 ' will be discussed in a later section.
■'). U n i f o r m i t y  of  c r u s t a l  c o m p o s i t i o n  w i t h  t i me
1 he r.e.e. patterns in sedimentary l i n  ks are uniform back to the early Proterozoic. 1 he 
Lu depletion, La/Yb and XI.r.e.e./Mi.r.e.e. ratios are uniform within analytical error over 
this immense span of time l av lot 1979m. When rocks of similar major-element composition
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arc <onsidercd, there is some suggestion ol a decrease in  to ta l r.e.e. w ith  age (Nance N. T a y lo r 
197h . Since the r.e.e. patterns m a in ta in  a un ifo rm  N I.r.e.e./N h .r.e.e. ra tio , this effect is 
p robab ly  m a in ly  due to recycling ol sediments (Y c ize r *973; Ye izer & Jansen 1979). Igneous 
processes w ou ld  a lte r the slopes ol the patterns. A cco rd ing ly , one could app ly Lve llian  princip les 
ol un ilo i m ita rian ism  over this period, and extrapo late  preseni-dav models fo r con tinen ta l 
grow th back to the base ol the Proterozoic.
Sm Eu Gd Tb Dy Ho Er Tm Vb 
e le m e n  1'
La Ce Pr Nd
F h .crf. - .  R.e.e. patterns, no rm a lized  to c h o n d r it ic  abundances ( C - l .  vo la tile -free ), for the post-A rchaean 
average A u s tra lia n  sed im entary rocks (p.A .a .s.. • ) .  and for the average A rchaean sed im entary rocks 
a.A.s.. Co. T h e  fields for in d iv id u a l samples o f  typ ica l A rchaean (a.A .s.. '< an ti post-A rchaean (p.A .a.s. > )
sed in ienta iv  1 oeks are also shown. Data f r o m  Nance &  T a y lo r  (1976. 1977;. B avington &  T a y lo r  (1980! 
f r o m  this labo ra to ry . (R eproduced f r o m  T a y lo r  ic M cLe n n a n  (1980«).)
(i. R.K.K. P A T T I -  U N S  I X  A U C H  A K A N  S E D I M E N T A R Y  R O C K S
1'yp ica l r.e.e. patterns in Archaean sedim entary rocks d ilfc r  in three s ign ificant respects 
from  those in  post-Archaean sedim entary rocks. T hey have low er L a /Y b  ratios (average 
L a N/ Y b N =  4 M).  no detectable Eu anom aly (E u /E u *  x  1) and low er to ta l r.c.e. abundances 
Nr.e.e. -  Tu. com pared to ISÖ fo r p .A .a .s.). T hey have somewhat more va riab le  abundance 
patterns ^e.g. L a /Y b )  than do post-Archaean sediments. R are ly, Eu enrichm ents are observed, 
due e ithe r to local plagioclase accum ula tion  (Nance &  T a y lo r  1977) 01 10 lo fa l hydro the rm a l 
effects (K e rr ie h  &  F ryer 1979; Cullers clal .  1973; B avin ton  &  T a y lo r  1980). Some Archaean 
sedim entary rocks have steep 1.r.e.e.-enriched patterns ind ica tin g  local de riva tion  from  acid ic 
parent rocks (c.g. at K a lgoorlie  (Nance & T a y lo r  1977)). Examples o f flat r.e.e. patterns, 
in d ic a tin g  deriva tion  from  basaltic parents, occur in  the / \k i l ia  and M a lcnc  supracrustal rocks 
(unpublished  data from  the authors' lab o ra to ry ). M ost A rchaean sedim entary rocks, however, 
e xh ib it patterns w ith  the characteristics noted earlie r. T he  average pa ttern  so ca lcu lated 
is given in  figure 1 . Some questions must be addressed before this average Archaean 
sedim entary pattern  can be used, in the same fashion as that fo r post-Archaean sedim entary 
rocks, to deduce the average com position ol' the exposed A rchaean crust.
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(a) Do Ok' Archaean  s rd im em arv  rocks represent a widespread sampling of  ilie exposed 
crust? Although localized exceptions occur,  as noted above, the uniformity of  patterns 
eneountered  in Arehaean  sediments is impressive. Similar r.e.e. j)atterns occur at Kalgoorlic 
(Nance <N Taylor 1977; and K a m b a ld a  (Bavington & 'Taylor 1980) in Australia, Wind River 
in Wyoming. I .S.A., Barberton M oun ta in  Land in South Africa (Wildeman N Condic 10973; 
Wildeman N llaskin 1973;, lsua. /ALilia and Malenc supracrustals in Greenland (Mason 
19 7 5 ) ; unpublished data from the authors' laboratory), Yellowknife (Jenner et nl. 19S1) and 
Knife Lake (Arth N Hanson 1975) and the Abitibi greenstone belt (Kerrich & Fryer 1979) 
in Canada. The similar characteristics of all these patterns indicate that sedimentary 
processes in the Archaean tire homogenizing the r.e.e. abundances. This uniformity of patterns 
extends to very small occurrences of sedimentary rocks, where local derivation might have 
been expected. Thus the sedimentary lenses at Kambalda (Bavinton & Taylor 10S0), enclosed 
in basalt, and rarely more than a few hundred metres in lateral extent, display patterns 
indistinguishable from those of the other Archaean localities.
La Co Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb
element
F igure  3. R.e.e. patterns, normalized to chomhinc abundances (CM, volatile-free) for p.A.a.s.. a.A.s. and :>r> late 
Archaean K-rich granites (Taylor & McLennan igSta); o, p.A.a.s.; O, a.A.s.; o, K granite; • .  2 a.A.s.: 
1 K granite mixture; ♦. !i a.A.s.:1 K granite mixture. Note that even 10% of K-rich granite ])atterns 
mixed with a.A.s. produces a discernible Eu depletion. This indicates that K-rich granites are not 
a significant source for average Archaean sedimentary rocks. A mix of two-thirds a.A.s. and one-ilurd 
granite produces r.e.e. patterns similar to p.A.a.s. (Reproduced from Taylor & McLennan 1 lyNw/).)
(b) Is the sampling biased toward sedimentary rocks in greenstone belts? Gould the 
uniformity claimed in the preceding section be due to biased sampling? Many Archaean 
sedimentary rocks are located in greenstone belts, but several observations indicate that an 
overall sampling of the Archaean terrain is being accomplished. These include the following.
(i) The volcanic rocks in greenstone bells have flat r.e.e. patterns (Sun N Nesbitt 1977). 
They have only about a I of',, leiste component, insufficient to account for the observed 
sedimentary r.e.e. patterns (Goodwin 1977, fig. -).
(ii) Petrographic evidence in the Kambalda sediments indicates the presence o f ‘granitic* 
components (Bavinton N Taylor 1980), exotic to the immediate environment.
(iii) Steep r.e.e. patterns^ derived wholly from tonalitic-trondhjemitic debris are rare. Most 
of this material is mixed with basaltic debris to provide, the observed patterns.
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tiv) rin* lowermost Proterozoic Iliirouian sediments, derived from a complex provenance, 
have patterns similar to those of typical Archcan sediments (McLennan cl al. 1979).
Accordingly, it appears that the sedimentary sequences are sampling both the greenstone 
belt and the ‘granitic’ or lelsic Archaean terrains, The r.e.e. patterns are consistent with 
about equal contributions from both sources (Xance & Taylor 1977; Taylor 1977;. There is 
no discernible input into the Archaean sedimentary record from tvpical K-rich granites or 
granodiorites with negative fat anomalies. Figure It shows the elici ts of such additions to 
the Archaean pattern. If more than 10% granite is added, a detectable Lit depiction will 
appear  in the sedimentary record. Accordingly we judge that such contributions were less than 
that value, although occasional examples of granodiorites with Fat depletion occur (c.g. at 
Anutsoq (Mason 1975)).
7. A r c h a e a n  c p p k r  c r u s t a l  c o m p o s i t i o n s
The philosophy of deriving crustal estimates from r.e.e. patterns in sedimentary rocks was 
noted earlier. The sedimentary r.e.e. patterns provide the crustal r.e.e. pattern. This is in fact 
the average pattern of the igneous rocks constituting the crust. These can be identified from 
the r.e.e. pattern, enabling average major- and trace-clement abundances to be obtained. 
The Archaean average sedimentary rock pattern derived in the previous section is close both 
to average island-arc compositions and to mixture of tholciitc and tonalite-trondhjemilc suites. 
An appropriate major-element composition is that derived by Goodwin (1977) for the average 
volcanic rock of the Superior Province.
The Archaean sedimentary rock record is probably dominated by elastics, consistent with 
the rapid erosion apparent in such terrains (Walker 1978). Chemical sediments such as iron 
formations and carbonates make up an unknown but probably small amount of the total 
sedimentary record. Accordingly, the r.e.e. abundances in the Archaean sediments may be­
taken as indicative of the abundances as well as the relative r.e.e. patterns of the Archaean crust. 
The suggested composition is given in table I from Taylor & McLennan (1981/*).
S. C o m p a r i s o n  of  A r c h a e a n  a n d  p o s t - A r c h a e a n  c r u s t a l  c o m p o s i t i o n s
(figure 4)
The composition of the exposed Archaean upper crust derived in the previous section and 
listed in table 1 resembles that of the total post-Archaean crust, except that it contains more 
Xi and Cr. It is thus much less evoked geochemically than that of the post-Archaean iij>/n> 
crust. No overall Eu depletion is present, so that the evidence that is widespread for intracrustal 
melting in the post-Archaean crust is absent in the Archaean. The occasional granodiorites 
and felsic volcanics with negative Lu anomalies, as noted earlier, do not contribute significantly 
to the sedimentary record of upper crustal composition. The lack of evidence of much 
intracrustal melting indicates that the composition of die unexposed portions of the Archaean 
crust were probably similar to that of the eroding crust. Accordingly there is no reason to 
postulate a separate lower crustal composition in the Archaean. The existence of the 
sedimentary rocks themselves and the presence of distantly derived ‘granitic’ detritus at 
Kambalda,  for example, indicate that substantial areas of crust were above sea level cf. 
Hargraves 1976).
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I'k.i rk 4. Tin* relative compositions of the Archaean and post-Archaean upper continental crusts. Note the 
enrichment of ferromagnesian elements (line«) and the depletion of l.i.l. elements (line r) in the Archaean 
upper crust. Rare earth elements, line b.
!). C a u s e s  of t h e  c o m p o s i t i o n a l  c h a n g e  in t h e  u p p e r  CRUST
The change in the composition of the post-Archaean upper crust, as documented by the 
r.e.e. patterns, is inferred to be a consequence of massive intracrustal partial melting, which 
forms magmas predominantly of granodioritic composition. These rise into and intrude the 
upper crust, principally as batholiths (Fyfc u)~T,a,b). During this intracrustal melting event 
the melt becomes enriched in the light r.e.e. and depleted in Lu. The depletion in Lit is 
attributed to the differing crystal-liquid partition behaviour of divalent compared to the 
other trivalent r.e.e. Eli- , of nearly the same radius as Sr2', is preferentially incorporated in 
feldspar, particularly plagioclase. Charge-balance difficulties and smaller radii exclude the
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trivalent r.e.e. and concentrate them in the melt. Thus granodioritic melts forming from 
material of island-arc composition within tin* stability held of plaguu lase ( < in kbar; < 40 km) 
will develop a negative Kit anomaly.
!,n Cc Vr Nil Sin Ku (III Tl> Dy Mo Kr Tin Yb
F ig ure  5. The change in r.c.c. patterns (o) in the Huronian sequence. The McKim Formation (d) has patterns 
close to those ot a.A.s. (O. Eu/Eu* = 1.0 ; shown lor comparison) but with slight Eu depletion 
(Eu/Eu* = 0.84) higher LaN/Y b s and Xr.e.e. The Eu depletion gradually increases through the Pecors 
((c). Eu/Eu* = 0.81) and the Serpent ((b), Eu/Eu* = 0.72 until in the Gordon Lake -Formation 
((fl)Eu./Eu* = 0.04). near the top of the sequence, the Eu depletion equals that of p.A.a.s. (o. shown in (a) 
for comparison) (adapted from McLennan el al. (1979)).
The sedimentary sampling of the upper granodioritic crust inherits this Eu depletion, even 
though the europium may be oxidized to Eu3'*' during weathering. An important point is that 
the development of the upper-crustal Eu depletion is hitracrustn l in origin. A principal obser­
vation in support of this is that no systematic enrichment or depletion in Eu is observed in 
igneous rocks of undoubted mantle origin.
The r.c.e. evidence for this major episodic change is supported by the Stn-Xd isotopic 
systematic^ of crustal rocks, which indicate a massive increase in crustal growth at that time 
(McCulloch Wasserburg 1978). Vcizcr & Jansen (1979) note the K7S r / 8r,Sr ratio in carbonates 
(reflecting seawater composition) is rather low in the Archaean but shows a major increase 
•'A87S r / 8i;Sr) = 0.0025) over the time interval from about 2.5 to 2.0 Ga, with a more 
gradual increase up to the present. These trends are consistent with a large addition of Rb to 
the upper-crustal weathering regime between 8 and 2 Ga. The change in upper-crustal 
composition is not expected to be isochronous on a world-wide scale, but to occur at somewhat
L 1
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different times {within n.:, Ga on different continents. The change in the r.c.e. patterns in 
sedimentary rocks also has to await the unroofing of the granodioritic batholiths.
Idle predictable change from Archaean to post-Archacan r.e.e. {Da t terns has been 
demonstrated by McLennan rt a/. 11179) >n die lowermost Proterozoic llnronian succession
in Canada. R.e.e. patteiiis at tin' base (McKitii Formation) have Archaean-type patterns.
Archaean post-Archaean
Ett/Eu*
La/Yb
N !.r.e.c./N h.r.e.e.
N r.e.e./.Mg/g)
time R.p./Ga
Fie.cki ti. Tlie evolution of the rare earth elements in sedimentary rocks with lime. The change from Archaean to 
post-Archaean patterns in .sedimentary rocks is here represented as taking place during the age limits of 
Huronian sedimentation. (Adapted from Taylor (1979).)
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A gradual change occurs upward in the 12000 m thick succession until the highest unit 
(Gordon Lake Formation) contains typical post-Archaean r.e.e. patterns, complete with 
negative Lu anomalies (figure 5). Studies in this laboratory indicate that the change from 
Archaean to post-Archaean patterns in southern Africa occurs before the deposition of the 
Pongola system, dated at about 3 Ga b.i\  In Australia, the oldest post-Archaean sedimentary 
patterns recognized occur in the Mamerslcy Group dated at about 2.5 Ga b .p . (\Y. Compston, 
personal communication). Thus the major crustal evolution event that is reflected by the 
change from Archaean to post-Archaean r.c.e. patterns is not isochronous. This change would 
form a better marker for the Archaean-Proterozoic boundary than by fixing it at an arbitrary 
age of 2.."> Ga (James 197S). The overall variation in the r.e.e. with time is given in figure (i.
i n .  M o d e l s  f or  t h e  d e r i v a t i o n  of t h e  A r c h a e a n  c r u s t
The most reasonable model for the formation of present-day continental crust is that it 
grows by accretion, dominated by island-arc-type volcanism (§3). Does this model hold for 
the Archaean crust? The r.e.e. evidence is enigmatic (Taylor 1977). The abundance patterns 
could be produced either by island-arc volcanics, or from a mixture of the tholeiitic basalt
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and tonalitc t rondhjcmilr suites so common in Archaean n mains (Barker & Peterman 1974). 
Although ishuul-arc volcanics reset n hi in"’ closely those of present-day arcs do occur in the 
Archaean (c.g. Marda Complex (Taylor A Ilallbcrg 1977)), the weight of geological evidence 
favours the bimodal model. This indicates a dilferir.g tec tonic style in the Archaean.  Th e 
model developed by ’Barney cl a/. (1979) appea.rs reasonable. In this model, partial melting 
in the mantle produces basalts, which are recycled back into the mantle and are transformed 
to cclogite. Partial melting at depths where garnet is stable, produce tonaliles and trondhjemites 
(but not K-rich granites w ith steep r.e.c. pat terns. This model acc ounts w ell for the observed 
r.e.c. patterns,  and can provide for those observed in the sedimentär) rocks, by an appropriate 
mixture.
11. Tl l l i  GROWTH RATE OF TIIE CRUST
T he r.e.c. evidence from the sedimentary rocks indicates a massive change in upper-crustal 
composition at about the Archaean Proterozoic boundary. T he  Archaean upper crust contains 
less than 1 o ° 1( granodiorites or K.trie 1 j granites, but the posl-Atchaean upper crust is dominated 
by granodiorile. Elms the characteristics of the present-day o  ust were established by about 
2.3 Ga ago. The sedimentary rock r.e.c. evidence is thus consistent with a major episodic 
grow th of the c ontinental crust in the period 3.o- 2.3 Ga ago, as is strongly indicated by the 
Xd isotopic evidence (McCulloch X Wasserburg 1978). A massive increase in the areal extent 
of the upper crust, as inferred from the isotopic data  (McCulloch X Wasserburg 1978; 
M oorbath  1975, 1977), implies a two-stage growth model: (a) igneous rocks, derived from the 
mantle are added to the crust; (b) subsequent intrastruclural melting produces the granodioritic 
upper crust.
Grow th rates for the continental crust, which arc low in the Archaean, increase rapidly 
between 3 and 2.3 Ga u.i*. and then cleerea.se in the Proterozoic and Phancrozoic, are consistent 
with the r.e.c. data.
12. T h e  e v o l u t i o n  o r  t h e  c o n t i n e n t a l  c r u s t
A summary of the preceding discussion is presented in figure 7. This model can be used 
to address several questions connected with continental growth.
(<7) T he  rather slow growth rate for the past 2.3 Ga assists in explaining the ‘ freeboard’ 
question raised by Armstrong lcjG/p If 7 u °0 of the volume of continents was accreted before 
2.3 Ga 11.p. the Proterozoic and later sedimentary sequences will remain c lose to present-day 
sea level.
(b) The parallel r.e.c. patterns in sedimentary roc ks .sinc e 2.3 Ga b.p . indicate no fresh 
input from other than ‘granodioritic‘ material over this period. The slow increase in total 
r.e.c. is best explained by recycling of sedimentary material in a ra ther stable eratonic 
environment (Ycizer X Jansen 1979).
(c) During post-Archacan time, Eland-arc volcanic rocks may provide some first-cycle 
volcanogenie sedimentär) rocks fe.g. Baldwin Formation, New South Wales (Nance X Taylor 
1977)) with r.e.c. patterns that ‘m im ic’ Arehaean-type patterns.
(d) The massive increase in continental volume at 3-2.3 Ga n.i\ will induce a change in 
tectonic regime and in the style of igneous activity. T he presence of large continental blocks,
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incapable  ol bring subducted, will produce the change to linear-style belts characteristic of 
pi eseni-day tectonic regimes.
A hat type ol mantle igneous ac tiv ity produced the massive increase in crustal volume 
between .'I.u and 2.4 (Ja n.i*.? Was it a continuation of  the earl) Archaean bimodal tholeiitic- 
lelsic regime, or did «ale-alkaline island-arc volcanism begin to provide the major contribution 
to continental accretion, as it has done in later ages? The answer to these problems may well 
lie in a close examination of the Seourian 'Terrain (Holland <S; Lambert 197s; Mucckc cl al. 
1979; Hamilton cl al. 1979).
g f O n o d  10»• ! I c
i n l a n d  or c r ^ g i m e ----------
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1 iccRF. 7. Model for the evolution of the continental crust throughout geological time. Average sedimentary 
r.e.e. patterns are indicated, as are some of the principal events of crustal evolution. The changes in 
upper-crustal composition, and a massive increase' in continental growth, takes place between .‘ho and li.A («a 
n.p. This change' will be reflect« d a little later in the sedimentary record (<‘.g. Huronian. cf. figure t>).
{ / )  The isotopic evidence (see, for example: Moorbath 1975, 1977; Hamilton el al. 1979) is 
consistent with a short time interval (ca. 0.2 Ga) between derivation of material from the 
mantle, and final differentiation to produce an evolved continental crust. This production of 
l.i.l. element enriched upper, and depleted lower crust, with retention of Fat and Sr in the 
lower crust is consistent with studies of the origin of granites (see, for example: Tuttle «Y Bowen 
195S; Fyfe 1973 c/,/;).
l.‘{. R e c y c l i n g  of  c o n t i n e n t a l  c r u s t  t h r o u g h  t h e  t h e  m a n t l e  
Although this debate turns principally on the Sr, Xd and Pb isotopic systematies (see, for 
example: Moorbath 1975. 1977), the trace-element abundances provide some additional 
constraints. Subduction of material derived from the present upper continental crust will 
introduce some characteristic trace-element signatures into the mantle. These will include an 
Lit depletion of the order of do " u (Eu/Eu* = 0 .04). Igneous rocks derived from the mantle 
contain no memory of such a depletion of Eu in their source regions. Ratios of T h / U  arc 
typically greater than four and average five in post-Archacan sedimentary rocks (McLennan
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Taylor 1980h). Present-day igneous rocks derived from the mantle frequently have ratios 
of less than three. Boron ahundanees in sedimentary roc ks are typically about I2u pg/g, much 
higher than the abundances of about 2o pg/g observed in igneous rocks (Christ & Harder 
1969). It is possible that such subducted material is so heavily diluted by rchomogenization in 
the mantle that these characteristic signatures are swamped. If such is the case, then, the 
sedimentary trace-element evidence cannot be used to test the hypothesis of recycling, except 
to place some stringent upper limit (10% ?) on the reappearance of such subducted crustal 
material.
14. R e l a t i o n s h i p  o f  t h e  c r u s t  to  t h e  m a n t l e  a n d  t h e  a m o u n t  of
T E R R E S T R I A L  D I F F E R E N T I A T I O N
It remains to consider the relationship of the present-day continental crust to that of the 
primitive mantle composition. The overall composition of the mantle may be established in 
the following manner. Core compositions arc excluded. It is assumed that most of the core 
elements Fe, Xi and Co were accreted as separate metallic phases. During segregation of the
c ore material o ' ...........  c mantle silicates was achieved. This is shown,
inter alia, by the large abundances of Xi and by trace sidcrophilc elements in the present upper 
mantle. These elements may have been added from meteorite bombardment (Morgan ct al. 
1980) occurring after core formation. Together w ith those of the highly volatile trace elements 
(e.g. Bi), their abundances, except those for Xi and Co, arc too uncertain both in the mantle 
and the crust to warrant further treatment at this stage
The major-element composition of at least the upper mantle, derived, by Taylor (1979/'), 
from nodule and pyrolitc data, is given in table 2. The refractory elements Ca, Al and Ti are 
not expected to be fractionated from one another during the accretion of the Earth. Accordingly 
the ratio of these elements to those in the primitive solar nebula can be used to arrive at values 
for the refractory trace elements.
Values for the ‘solar nebula’ abundances are listed in table I. They arc derived by assuming 
that the abundances in type I carbonaceous chondrites give the best estimate of the primitive 
abundances. This assumption is strengthened by the similarity between solar photosphere and 
coronal abundances and those in type 1 carbonaceous chondrites (C-l). Full references arc 
given following table 1. 'Flic values listed in table 1 have been multiplied by 1.5 to allow 
for loss of HX>, C etc. The average of Ca, Al and Ti in the Earth’s mantle to the volatile-free 
C-l abundances is l.!hi. T he mantle for the refractory trace elements so obtained arc given in 
table 1. The values for tin* other elements in the mantle are obtained as listed below table 1. 
In general, an interlocking set of ratios arc used to provide consistent data, and to meet the 
various elemental and isotopic constraints. It is assumed here that these abundances are typical 
of the whole mantle and that the lower mantle is not chemically different from the upper mantle. 
No K, U or Th is assumed to enter the core.
The percentage of each element now' residing in the continental crust, relative to that 
present in the primitive mantle, is given in table 1, the values being based on the assumption 
that the crust is 0 .4 3 % of the mass of the mantle. Figure S illustrates that the degree of 
enrichment of an element in the crust depends on the difference between its ionic radius and 
valency and those of the elements forming the major mantle minerals (Mg, Fe). This indicates 
that crystal-liquid fractionation is the principal factor responsible for the derivation of the
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ernst li'om the mantle ( laylo r  1964. 1967). I h r  very large percentage 01 elements such as 
( Rh. K, Ba, I ,  lh ,  La and Ce in the continental crust indicates the processing of  verv 
large fractions of the mantle to produce the crust. The question of the pert (Milage of mantle 
from which this element extraction has occurred cannot he answered satisfactorily until the 
question of upper,  lowin', or total mantle involvement is settled. This Basically geophysical 
question is related as well to possible initial differences in major element composition between 
the upper and lower mantle, another unresolved question.
R h  •  38
[3.-1 •  3 0
15-35
S r  •  11
6-15
L ;i •  15
C.» * T ?
15-35
LI » 5  5 Sc • 12
D F P L F  TF N b  • 7 9V 0 9 7 1 « 2.3
2 - 3 \ 3 - 6 6-15
6-15
Si « 0 6
1 K.I ui s.  Th,* enrichment of elements in the continental crust, relative to the abundances in the primitive mantle  
(data from table J . plotted against crystal radius and valency. Crystal radii are used in preference to ionic 
radii as being piobably more representative o f  physical ion size in crystals (Shannon 1(376). On the right
s i d e  coordination numbers for both (1- . radii 1.4u (------■) and 1.2ti A ( - ), are shown. Note that the
relative enrichment in the crust depends on the difference from the radii and valency o f  the principal mantle  
cations !e.g. Mg. I r).
15. P r e - A r c h a e a n  c r u s t ?
Any crust existing before 3.9 Ga n.R. would be massively altered by large-scale meteoritic 
bombardment.  This has occurred throughout the inner Solar System, from Mercury to Mars,  
w hile the surfaces of Ganymede and Callisto bear witness to a probable extension to the 
neighbourhood of Jupiter. Th e termination of the bombardment  is dated only from the moon, 
but the widespread morphological evidence for similar cratering encourages the view that 
such events were common in the period up to 3.9 Ga u.t*. There  is no reason to suppose that 
the Larih escaped, a view consistent with the absence of identifiable crust older than 3.x Ga.
Is there any geochemical evidence available to east light on these early events? A primitive 
anorthoshic crust, from analogy with the lunar highlands, appears improbable.  There  is no 
evidence for a large hu or Sr spike, nor for the reservoir of very primitive 87Sr/*"iSr ratios, 
which would result from the R b -S r  fractionation inherent in such an event. W alker & Ilavs 
( 197S), in some definitive experiments,  noted that, al though a plagioelase-rich crust will float
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iiviT ;iii anhydrous lunar mar ina ocean, il will .sink in the wet terrestrial environment.  Isotopic 
constraints provide the major argument  against primeval sialic crusts, al though they might 
also generate negative Mu spikes (as yet unobserved).  Marly basaltic crusts are less easy to 
disprove, but the Sin-Xd evidence appears to rule out any major early mantle diflerentiation 
McCulloch Wasserburg 197S'.
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Discussion
R. L. A r m s t r o n g  [Department o f Geological Sciences, University o f British Columbia, 2 0 7 X 11 csbrook 
Place, Vancouver, Canada IV» T  t l L X ) .  1 do not understand how the rare-earth patterns in sedi­
ments provide a measure of crustal volume. Why can’t the change 2X00 Ma ago he due to a 
change in processes or rates of  processes?
S .  R. T a v i .o r . The r.e.c. patterns of post-Archaean sedimentary rocks display a uniform 
pat tern,  thus providing a widespread sampling and average for the upper crust. Archaean 
sedimentary rocks likewise display a uniform pattern,  but one that is distinct from the post- 
Archacan in having a lower L a / Y b  ratio, and no relative Eu depletion. Archacan-lype sedi­
mentary patterns do not persist in rocks younger than about  2X00 Ma. Th e upper crustal r.e.c. 
patterns after that  time are dominated by ‘granodior it ic’ patterns,  which have overwhelmed 
the contributions from the Archaean terrains. Accordingly they must be derived from a much 
wider area than have the Archaean patterns.  Accordingly the sedimentary r.e.c. patterns 
observed in post-Archaean time are consistent with a massive increase in crustal area (and 
hence volume) between about .‘{ n u n  and 2 X 0 0  Ma b . p .
J . T a r n f . y  (Department o f  ( leo/u»if, University o f Leicester, Leicester I .E I 7A’//, U.K.). Average r.e.c. 
patterns of deep crustal granulite terrains such as the Lewisian do have a net positive Eu 
anomalv that might appear  to be complementary to the negative Eu anomal) in upper crustal 
rocks. However,  equat ing the two in this way requires some caution. O u r  r.e.c. data for the 
Lewisian rocks (Weaver X: Tarne) 1981), like those cited by Muecke el al. (197«)), show that 
it is the more silicic troiidhjemitic gneisses that have large positive Eu anomalies whereas tin- 
more basic granulites have cither no Eu anomal)- or slight negative anomalies. This is the
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opposite of the relationship expected from intrncrustal melting models that propose that the 
lower ernst is more malie and more refractors through having lost a silicic mobilizate.
S. R. T avi o u . Mnecke cl a/. ( 1 <;7(p calculated an average r.e.e. pattern for the Scotirian terrain 
which has a pronounced positive I'm anomaly,  complementary to the negative Fat anomaly 
observed in upper crustal rocks. Although they include a majority of ‘ lelsic* rocks in this 
average, their use o f ' lelsic ‘ is apparent ly equivalent to tonalitic (p. 1Ö7) and they note that the 
Scotirian terrain has an ‘overall intermediate composition and mineralogy’ (p. 4.">(»).
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ABSTRACT
The p r e s e n t  day c o m p o s i t i o n  of  t h e  u p p e r  c o n t i n e n t a l  c r u s t  i s  
r e a s o n a b l y  w e l l  c o n s t r a i n e d  by l a r g e  s c a l e  s a m p l i n g  p rog rams  and 
s t u d i e s  o f  r a r e  e a r t h  e l e m e n t s  (REE) i n  s e d i m e n t a r y  r o c k s .  I t s '  
c o m p o s i t i o n  a p p r o x i m a t e s  t o  g r a n o d i o r i t e  and such  a co m p o s i t i o n  ha s  
r em a ined  unchanged  d u r i n g  p o s t - A r c h a e a n  t i m e .  REE p a t t e r n s  i n  Archaean  
s e d i m e n t a r y  r o c k s  a r e  d i f f e r e n t  f rom t h e i r  p o s t - A r c h a e a n  c o u n t e r p a r t s  
h a v i n g  no E u - d e p l e t i o n  and g e n e r a l l y  l ower  EREE and La/Yb.  The a v e r a g e  
p a t t e r n  r e s e m b l e s  t h a t  o f  modern c a l c - a l k a l i n e  a n d e s i t e s  and i n d i c a t e s  
t h a t  t h e  exposed  Archaean  c r u s t  was d i f f e r e n t  t o  t h a t  o f  t h e  p r e s e n t  day 
exposed  c r u s t .
Archaean  s e d i m e n t a r y  REE p a t t e r n s  a r e  b e s t  mode l l ed  by a two 
component  s y s t e m  i n v o l v i n g  Archaean  m af i c  v o l c a n i c s  and f e l s i c  i g ne ou s  
r o c k s  ( t o n a l i t e s - t r o n d h j e m i t e s ,  f e l s i c  v o l c a n i c s ) .  Us ing  such  a model ,  
e s t i m a t e s  o f  t h e  exposed  Archaean  c r u s t  can  b e  made and i n d i c a t e  a com­
p o s i t i o n  c o n s i d e r a b l y  more maf i c  t han  t h e  p o s t - A r c h a e a n  upp e r  c r u s t .
The Archaean  u p p e r  c r u s t  i s  s i m i l a r  i n  c o m p o s i t i o n  t o  t h e  p r e s e n t - d a y  
t o t a l  c r u s t  e x c e p t  t h a t  i t  i s  s t r o n g l y  e n r i c h e d  i n  Ni and C r . T h i s  i s  
t h o u g h t  t o  r e f l e c t  a h i g h  Ni and Cr c o n t e n t  i n  t h e  Archaean  m a n t l e .
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INTRODUCTION
There has recently been an active interest in the nature of the 
earth's early crust (Bridgewater and Fyfe, 1974; Hargraves, 1976; 
Taylor, 1977, 1979; Collerson and Fryer, 1978; Fyfe, 1978; O'Nions 
and Parkhurst, 1978; Young, 1978; Taylor and McLennan, 1980a,b for 
example). To date however, there has been no attempt at actually 
estimating the composition of that ancient entity (with the exception 
of the rare earth elements - see below). This is remarkable when 
one considers the constraints such an estimate would impose on all the 
models of crustal evolution. In this paper, we determine an estimate 
of the composition of the pre-3.0 b.y. exposed crust, compare it to the 
composition of the present day continental crust and comment on some 
implications for the evolution of the earth's crust.
THE MODERN CONTINENTAL CRUST
The present day continental crust comprises about 0.43% of the 
mantle-crust system, by mass. Despite its small mass, K, Ba, Cs, Sr,
Th and U are enriched by more than a factor of 10 in the continental 
crust when compared to the total mantle-crust system. The present 
composition of the upper continental crust is reasonably well constrained 
from large scale sampling programs (Shaw et al., 1967, 1976; Fahrig and 
Eade, 1968; Eade and Fahrig, 1971, 1973) and studies of sedimentary 
rocks (Goldschmidt, 1954; Taylor, 1964, 1977, 1979; Condie, 1967;
Young, 1969; McLennan et al., 1979; Taylor and McLennan, 1980a,b).
The sedimentary approach has recently been most concerned with 
the REE distribution in sedimentary rocks as an index of upper crustal 
composition (Taylor, 1977, 1979; Wildcmnn and Haskin, 1973; Jakes and 
Taylor, 1974; Nance and Taylor, 1976, 1977; McLennan et al., 1979;
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McLennan and Taylor, 19S0; Taylor and McLennan, 1980a,b). This 
approach is particularly effective since the REE do not concentrate in 
sea water, have very short residence times and are not strongly 
affected by most sedimentary or metamorphic processes. Post-Archaean 
fine-grained sedimentary rocks have REE patterns typical of granodiorites 
((La/Yb) /^ 9; Eu/Eu* = 0.64+0.05). Such a composition is in perfect
il
agreement with the sampling programs which indicate a major element (and 
some minor element) composition approximated by granodiorite. In fact, 
if one were to estimate upper crustal composition by simply choosing the 
igneous rock which was most similar to the sedimentary REE pattern, the 
estimate would be very close to that obtained by large-scale sampling.
This observation becomes important when we look at the Archaean crust.
The composition of the upper continental crust can be measured 
but the lower crust composition is model dependent. A viable model 
for the composition of the total crust is that it approximates the average 
composition of calc-alkaline island arc type volcanics and associated 
igneous rocks (i.e. andesite; Taylor, 1967; 1977; Taylor and McLennan, 
1980b). If we assume that the upper crust represents about 1/3 of the 
total crust, this model predicts a lower crust of more basic composition.
Is there any evidence which supports this prediction? Obtaining 
an estimate of average lower crustal abundances is intrinsically more 
difficult than upper crustal abundances since the lower crust is probably 
lithologically complex and there are no natural sampling devices such 
as sedimentation. However, the few studies that have been made seem to 
be in essential agreement with the "andesite" model as described most 
recently by Taylor and McLennan (1980b) (Rogers, 1977; Taylor and 
McLennan, 1979 , 1980a; Muecke et a1., 1979).
The generation of the large Eu depletion (Eu/Eu*^0.64) in the upper 
crust is almost certainly an intra-crustal process. No common mantle 
derived rock can be characterised by an Eu anomaly of any sort. Depletion
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o f  Eu i s  p ro b ab ly  due t o  p l a g i o c l a s e  b e i n g  l e f t  as  a r e s i d u a l  phas e  
d u r i n g  p a r t i a l  m e l t i n g .  S in ce  p l a g i o c l a s e  i s  n o t  s t a b l e  be low ab ou t  
40 km ( l O k b) ,  such Eu d e p l e t i o n  must  be caused  by r e l a t i v e l y  s h a l l o w  
( i n t r a - c r u s t a l )  m e l t i n g  e v e n t s .
ARCHAEAN SEDIMENTARY REE PATTERNS
Archaean  s e d i m e n t a r y  r o c k s  have  REE p a t t e r n s  which  d i f f e r
s u b s t a n t i a l l y  from p o s t - A r c h a e a n  s e d i m e n t a r y  r o c k s .  F ig u r e  1 compares
REE p a t t e r n s ,  n o r m a l i z e d  t o  c h o n d r i t e s  f o r  Archaean  and p o s t - A r c h a e a n
s e d i m e n t a r y  r o c k s  f rom A u s t r a l i a .  The a v e r a g e  Archaean  p a t t e r n  ha s
low’e r  (La/Yb) . , ,  lower  ZREE and no s i g n i f i c a n t  Eu -anoma ly .  T a y l o r  and 
h
McLennan (1980 a ,b )  hav e  d i s c u s s e d ,  a t  l e n g t h ,  t h e  o r i g i n  o f  t h e s e  REE 
p a t t e r n s  and con c luded  t h a t  t h ey  p r o b a b l y  r e p r e s e n t  a r e a s o n a b l e  s a m p l i n g  
of  t h e  exposed  c r u s t  d u r i n g  t he  Ar cha ean .  The a b s o l u t e  REE abund anc es  
a r e  p r o b a b l y  v e ry  s i m i l a r  t o  t h e  Archaean  uppe r  c r u s t a l  abund anc es  s i n c e  
s e d i m e n t a r y  r oc ks  o f  c r u s t a l  o r i g i n  w i t h  low REE abun dances  ( e . g .  
e v a p o r i t e s ,  c a r b o n a t e s )  we re  n o t  a b u nd an t  a t  t h a t  t i m e .
S o l e l y  on t he  b a s i s  o f  REE, T a y l o r  and McLennan (1980a)  mod e l l ed  
t h e  Archaean  uppe r  c r u s t  u s i n g  t h e  two-component  s y s t e m  o f  Archaean  m af i c  
v o l c a n i c s  and t r o n d h j e m i t e - t o n a l i t e  g r a n i t i c  r o c k s .  O the r  l i t h o l o g i e s  
such  as  a n d e s i t e s ,  f e l s i c  v o l c a n i c s ,  u l t r a m a f i c s  and K - r i c h  g r a n i t i c  
r o c k s  of  i n t r a c r u s t a l  o r i g i n  we re  c o n s i d e r e d  o f  l e s s e r  i m p o r t a n c e .  R ece n t  
work i n  t he  Y e l l o w k n i f e  d i s t r i c t  o f  n o r t h e r n  Canada (F r y e r  e t  a l . , i n  p r e p . )  
i n d i c a t e s  t h a t ,  l o c a l l y , f e l s i c  v o l c a n i c s  can p l a y  an i m p o r t a n t  r o l e  i n  
t h e  o r i g i n  of  Archaean  s e d i m e n t a r y  REE p a t t e r n s .  T a y l o r  and McLennan 
(1980a)  d e t e r m i n e d  t h a t  a model  i n v o l v i n g  30-50% Archaean  t r o n d h j e m i t e  
and t o n a l i t e  g r a n i t i c  r o c k s  mixed w i t h  t y p i c a l  Archaean  t h o l e i i t i c  b a s a l t s
cou ld  e x p l a i n  t h e  REE p a t t e r n s  found i n  Archaean s e d i m e n t a r y  r o c k s .
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T11E ARCHAEAN-PROTEROZOIC TRANSITION
Detailed studies of Lower Proterozoic sedimentary sequences in 
North America and Australia (McLennan et al., 1979; McLennan and Taylor,
1980) strongly indicate a rapid evolution of sedimentary REE patterns 
associated with the Archaean-Proterozoic boundary. It has been suggested 
that the large volumes of K-rich granitic rock intruded into the upper 
crust near the end of the Archaean were responsible for the change in 
sedimentary REE patterns. The rapidly changing REE patterns documented 
in Lower Proterozoic sequences represent increasing unroofing of these 
rocks at the end of the Archaean (McLennan et a1., 1979; McLennan and 
Taylor, 1980). It has been calculated that a mixture of about 1/3 late 
Archaean K-rich granite and 2/3 average Archaean sedimentary rock can 
generate the typical post-Archaean sedimentary REE pattern (Taylor and 
McLennan, 1980a). Since the post-Archaean upper crust probably had lower 
IREE than PAAS (Taylor and McLennan, 1980b), this corresponds to about 25% late 
Archaean granitic rocks and 75% AAS to generate the post-Archaean upper 
crustal REE pattern.
COMPOSITION OF THE EXPOSED ARCHAEAN CRUST
The determination of the composition of the Archaean upper crust 
is constrained by the REE patterns in sedimentary rocks. These provide 
the overall crustal average. The crust, however, is primarily formed 
from igneous rocks. The average REE patterns, as sampled by the 
sedimentary rocks, thus provide the key which enables us to identify the 
most common, or average, igneous rock making up the crust. Table 1 
lists our estimate of the Archaean upper crust. Major elements, Ba, Cr,
Co, Cu and Zr were determined from the average exposed Archaean volcanic rock 
from the Canadian Shield (Goodwin, 1977). Sr, Zr, V, Ni, Sc and Pb were 
derived from mixing average Archaean tholeiite and average tonalite-trondhjemite 
granitic rocks in the proportion of 1:1 (Sun and Nesbitt, 1978; Glikson,
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1979) . The REE were taken from the average Archaean sedimentary rock
of Australia (AAS; Taylor and McLennan, 1980a). The values for Rb, U
4and Th were derived from the canonical ratios of K/Rb = 300; K/U= 10 
and Th/U =3.8.
Figure 2 (also see Table 1) compares the Archaean upper crust to 
the post-Archaean upper crust. The Archaean is considerably more mafic 
being enriched in the ferro-magnesian elements and depleted in the REE 
and LIL elements. Ni and Cr appear anomalously enriched in the Archaean 
upper crust.
Previous estimates of the exposed Archaean crust (Fahrig and Eade, 
1968; Eade and Fahrig, 1973) appear to have included a large volume of 
late Archaean K-rich granitic rocks. This results in a composition which 
is only marginally different to the post-Archaean upper crustal composition 
(Table 1). These estimates can only be regarded as representative of the 
latest Archaean.
SPECULATIONS ON THE ARCHAEAN LOWER CRUST
It is intrinsically very difficult to calculate the composition of 
the Archaean lower crust since we are uncertain about many important 
parameters such as crustal thickness, precise mechanism of crust formation 
and degree of intracrustal melting. On the other hand, knowledge of the 
composition of the exposed Archaean crust does provide an important 
boundary constraint on composition and allows speculation, in a qualitative 
manner, on the lower Archaean crust.
Figure 3 compares the composition of the Archaean upper crust to 
the composition of the present-day total crust as calculated by Taylor 
and McLennan (1980b). With the exception of Ni and Cr, the comparison 
is remarkably good. On close inspection, the Archaean upper crust appears 
to be slightly enriched in most ferro-magnesian and slightly depleted 
in most LIL elements, when compared to the modern total crust, indicating 
a slightly more mafic composition.
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The important influence of the mantle in the derivation of many 
early Archaean igneous rocks has been noted by several workers (O'Nions 
and Parkhurst, 1978; for example). Movement of elements from the 
lower crust by metamorphic processes (Heier, 1973, 1978) or by fluid 
phases (Collerson and Fryer, 1978) is difficult to evaluate although 
it probably occurred to some extent. Large scale geochemical different­
iation through intracrustal melting is also documented throughout the 
Archaean (Taylor and Hallberg, 1977; Fryer and Jenner, 1978; for example) 
but appears to be a relatively minor phenomenon prior to the granite 
production which marked the end of the Archaean in most places (Taylor 
and McLennan, 1980a,b).
The weight of the evidence would seem to indicate that the Archaean 
crust was geochemically less differentiated than the present continental 
crust. As we have noted, the Archaean upper crust was slightly more 
mafic than the present total crust. It seems reasonable to suggest that 
the Archaean lower crust was locally more mafic than the Archaean upper 
crust in regions where intra-crustal melts have been extracted.
The anomalous enrichment of Ni and Cr in the Archaean upper crust 
warrants some discussion. A number of workers have noted the unusually 
high abundance of Ni in Archaean tholeiites when compared to mid-ocean 
ridge basalts (Nesbitt and Sun, 1976; Gill, 1979) and suggested that 
Ni was enriched in the source regions of Archaean basalts (i.e. the 
mantle). The abundances of Cr also appears to have been higher although 
the incomplete data base leaves such conclusions less firmly based (Gill, 
1979). It seems likely that the anomalously high abundances of Ni and 
Cr seen in the Archaean upper crust as compared to the present day 
upper continental crust and total continental crust (Fig. 2 and 3) is a 
reflection of the higher Ni and Cr content of the Archaean mantle. 
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T a b l e  1.  C r u s t a l  a b u n d a n c e s
1 2 3 4
A r c h a e a n P o s t - A r c h a e a n P o s t - A r c h a e a n L a t e - A r c h a e a n
u p p e r  c r u s t t o t a l  c r u s t u p p e r  c r u s t u p p e r  c r u s t
% % % %
S i 0 2 5 7 . 4 5 8 . 0 6 6 . 0 6 5 . 1
T i 0 2 0 . 9 0 . 8 0 . 6 0 . 5 0
A120 3 1 5 . 6 1 8 . 0 1 6 . 0 1 6 . 0
FeO 9 . 5 7 . 5 4 . 5 4 . 3
MgO 5 . 2 3 . 5 2 . 3 2 . 3
CaO 7 . 3 7 . 5 3 . 5 3 . 4
Na 20 3 . 1 3 . 5 3 . 8 4 . 1
K20 0 . 9 1 . 5 3 . 3 2 . 7 0
ppn pom ppm ppm
Rb 25 42 110 _
Ba 240 350 700 790
Sr 300 400 350 410
Pb 7 7 15 17
La 1 2 . 6 19 30 _
Ce 2 6 . 8 38 64 -
Pr 3 . 1 4 . 3 7 . 1 -
Nd 1 3 . 0 16 26 -
Sm 2 . 7 8 3 . 8 4 . 5 -
Eu 0 . 9 0 1 . 1 0 . 8 8 -
Cd 2 . 8 5 3 . 6 3 . 8 -
Tb 0 . 4 8 0 . 6 4 0 . 6 4 -
Dy 2 . 9 3 3 . 7 3 . 5 -
Ho 0 . 6 3 0 . 8 2 0 . 8 0 -
Er 1 . 8 1 2 . 3 2 . 3 -
Tm 0 . 2 6 0 . 3 2 0 . 3 3 -
Yb 1 . 7 9 2 . 2 2 . 2 -
Lu 0 . 2 8 0 . 3 0 0 . 3 2 -
Y 15 22 22 -
Th 2 . 9 4 . 8 1 0 . 5 9 . 7
U 0 . 7 5 1 . 2 5 2 . 5 1 . 2
Zr 100 100 240 -
Hf 3 3 . 0 5 . 8 -
Nb 5 11 25 -
Mn 1300 1100 600 620
Cr 220 55 35 88
V 150 175 60 -
Sc 25 30 10 -
Ni 100 20 13 26
Co 30 25 10 -
Cu 80 60 25 33
Zn 100 - 52 55
5 3 3 .
Ta b l e  1 . C r u s t a l  abundances  c o n t i n u e d .
N o t e s :
9
1 .  ) E s t i m a t e  o f  t h e  e a r l y  Archaean  ( p r e - 3 . 0 x l 0  v r . )  exposed  c r u s t .  Major
e l e m e n t s ,  Ba, C r , Co, Cu and Zn d e r i v e d  f rom t h e  av e r a g e  Archaean  
v o l c a n i c  r o c k  f rom th e  S u p e r i o r  P r o v i n c e ,  Canada  (Goodwin,  1977 ) .  REE 
from Average Archaean  S e d im e n ta r y  Rock,  AAS ( T a y l o r  and McLennan,  19 8 0 a ) .  
S r ,  Z r , V, N i ,  Sc and Pb d e r i v e d  f rom t h o l e i i t e / t o n a l i t e - t r o n d h j e m i t e  
mix ( d a t a  f rom Sun and N e s b i t t ,  1977,  1978;  C l i k s o n ,  1 97 9 ) .  Rb f rom 
K/Rb = 30,  U f rom K/U = 10A, Th from Th/U = 3 . 8 .
2 .  ) E s t i m a t e  of  t h e  b u l k  c o m p o s i t i o n  of  t h e  p r e s e n t  day c o n t i n e n t a l  c r u s t
p r e d i c t e d  by  t h e  a n d e s i t e  mode l .  From T a y l o r  ( 1977 ,  1979) w i t h  minor  
m o d i f i c a t i o n s  as  d e s c r i b e d  by T a y l o r  and McLennan (1 98 0 ) .
3 .  ) E s t i m a t e  of  t he  b u l k  c o m p o s i t i o n  of  t h e  p r e s e n t  day uppe r  c o n t i n e n t a l
c r u s t .  From T a y lo r  ( 1977 ,  1979) w i t h  m o d i f i c a t i o n s  as  d i s c u s s e d  by 
T a y lo r  and McLennan (1 980 b ) .  The mos t  s i g n i f i c a n t  m o d i f i c a t i o n  i s  t h e  
l o w e r i n g  o f  REE abundances  by 20% ( s e e  t e x t  f o r  d i s c u s s i o n ) .
4 .  ) E s t i m a t e  o f  t h e  c o m p o s i t i o n  o f  t h e  exposed  Archaean  c r u s t  i n  t he
Canadi an  S h i e l d .  From F a h r i g  and Eade ( 1 9 6 8 ) ;  Eade and F a h r i g  (1 9 73 ) .
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FIGURE CAPTIONS
Figure 1. Rare earth element (REE) patterns, normalised to chondritic 
meteorites (C-l, volatile free) of Archaean and post-Archaean 
sedimentary rocks from Australia. Also shown are estimates of 
the average /Archaean Australian sedimentary rock (AAS) and 
average post-Archaean Australian sedimentary rock (PAAS).
Note the differences in the average patterns and small overlap 
for the fields. AAS resembles typical andesites and is thought 
to be representative of the exposed Archaean crust. PAAS is 
thought to be parallel to the post-Archaean exposed crust, but 
about 20% high in IEEE on account of abundant low REE-bearing 
sedimentary rocks, such as carbonates and evaporites, which are 
abundant during this time. The sedimentary REE patterns indicate 
a granodioritic upper crust throughout the post-Archaean 
(reproduced with permission of Elsevier, from Taylor and McLennan, 
1980b) .
Figure 2. Comparison of the compositions of the Archaean and post-
Archaean exposed crusts. The Archaean exposed crust is enriched 
in ferromagnesian elements and depleted in the large ion lithophile 
(LIL) elements, wTien compared to the post-Archaean upper continental 
crust. This indicates a significantly more mafic exposed crust 
during the Archaean. Note the particular enrichment of Ni and 
Cr in the Archaean.
Figure 3. Comparison of the compositions of the Archaean exposed crust 
to the post-Archaean total continental crust (see Table 1). The 
Archaean upper crust compares favourably to the present day bulk 
continental crust, although it is slightly enriched in most 
ferro-magnesian elements and slightly depleted in most LIL elements. 
Note the significant enrichment of Ni and Cr in the exposed
Archaean crust.
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Abstract
Several lines of evidence indicate the Archean upper crust 
was considerably more mafic than the present-day upper crust. There 
has been no significant change in REE and Th abundances in post- 
Archean clastic sedimentary rocks suggesting there has been no change 
in the composition of the upper crust during the post-Archean.
This indicates that any additions to the post-Archean upper crust 
must have had similar composition to the upper crust itself. 
Geochemical modelling of REE and Th abundances in sedimentary rocks 
suggest that the minimum ratio of post-Archean to Archean upper 
crustal composition required to eliminate the Archean upper crustal 
trace element signature, within analytical uncertainty, is 3:1. Such 
a model is also supported by Sr-isotopic data. Using plausible 
assumptions regarding the volume of Archean crust, isostatic relations 
and extreme models of the earth’s degassing history such modelling 
suggests that a minimum of 45 - 60% (and possibly up to 70%) of the 
continental crust formed during the period of 3.2 - 2.5 Ae, and that 
between 55 - 75% (and possibly up to ^90%) of the continental crust 
had formed by 2.5 Ae. Such a model is able to predict relatively 
constant freeboard during the past 2,500 million years. Thus the 
constant freeboard model does not provide unique evidence for large - 
scale mantle recycling of continental material.
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INTRODUCTION
The continental crust of the Earth comprises considerably less 
than one-half per cent of the earth’s mass, but it contains extreme 
concentrations of many elements. Thus, it has been estimated that 
>30% of the K, Th, U, Cs in the mantle plus crust system now resides 
in the continental crust. Many other elements are concentrated to 
a substantial, though somewhat lesser, degree (see Taylor and 
McLennan, 1981). These, and other unique characteristics have made 
the origin and evolution of the continental crust a matter of 
considerable and longstanding interest.
Models concerning this question fall into two broad categories. 
Those in the first category suggest that most of this crust formed 
early in Earth’s history and that its overall mass has remained 
essentially unchanged throughout time. A variation on this theme 
is that the crust is continuously recycled through the mantle in a 
steady-state fashion (Armstrong, 1968, 1981). The second model 
suggests that the crust has grown continuously or quasi-continuously 
throughout geological time (Hurley and Rand, 1969; Moorbath, 1978; 
McCulloch and Wasserburg, 1978).
The idea of quasi-continuous or episodic growth of continental 
crust has received a great deal of support from isotopic data 
(e.g. Moorbath, 1976, 1977, 1978; Veizer, 1976a, Veizer and
Compston, 1976; McCulloch and Wasserburg, 1978). Moorbath (1976) 
identified five separate periods of major crustal growth (3800-3500, 
2800-2500, 1900-1600, 1200-900, 500-0 Ae) . The period around the 
Archean-Proterozoic boundary, conventionally taken at about 2800-2500 
Ae, is generally thought to be particularly significant in this 
general scheme of events (e.g. Veizer, 1976a; McCulloch and Wasserburg,
1978).
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A number of geochemical arguments have also been developed 
recently which indicate that the upper continental crust dramatically 
changed composition at about the Archean-Proterozoic boundary (Nance 
and Taylor, 1976, 1977; Taylor, 1977, 1979a; McLennan ert al_. , 1979, 
1980; McLennan and Taylor, 1980a,b; McLennan, 1980; Taylor and 
McLennan, 1981a,b,c). The purpose of this paper is to use these 
geochemical models (and some isotopic and geophysical data) along with 
some reasonable assumptions, to place quantitative constraints on 
the growth of the continental crust.
SEDIMENTARY ROCKS AND CRUSTAL EVOLUTION
Post-Archean. The examination of trace element distributions 
in sedimentary rocks has proven important to our understanding of 
crustal evolution, rare earth element (REE) abundance patterns 
being particularly useful. These elements are essentially uniform in 
abundance in fine-grained clastic sedimentary rocks (Taylor, 1964; 
Haskin et al., 1966; Wildeman and Haskin, 1973; Nance and Taylor,
1976; for example) and are not significantly affected by weathering, 
diagenesis and most forms of metamorphism (Herrmann, 1970; Chaudhuri 
and Cullers, 1979; McLennan et^  al_, , 1979; Cullers «rt ad. , 1974;
Muecke jrt al^., 1979). These features lead to the conclusion that, 
for such elements, sedimentary processes are carrying out a widescale 
sampling of the upper continental crust, exposed to weathering. Most 
studies of sedimentary rocks have dealt with shales. Such lithologies, 
while predicting REE characteristics such as La/Yb and Eu/Eu* (Eu* is 
a theoretical value for Eu for no chondrite normalized Eu-anomaly) in 
the upper crust, tend to overestimate crustal REE abundances by about 
20% (see Taylor and McLennan, 1980b).
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The REE values for the upper continental crust adopted by this 
laboratory are given in Table 1 and plotted, normalized to chondrites 
in Figure 1. The most striking feature of this pattern is the 
negative Eu-anomaly. This constitutes good evidence that intra- 
crustal melting processes are responsible for much of the chemical 
fractionation within the continental crust (Taylor, 1964, 1977, 1979a; 
Taylor and McLennan, 1980a,b).
A final observation, important in this context, is that REE 
patterns in sedimentary rocks do not appear to change during post- 
Archean time. This can be convincingly shown in Table 2 where the 
Eu-anomalies (Eu/Eu*) of a number of sedimentary rocks of various 
ages are listed. Within the uncertainties (which are about equivalent 
to analytical error), there are no observable changes. Other REE 
characteristics (ZREE, La/Yb) show similar features although the 
uncertainties are considerably greater. We take this as strong 
evidence for essential uniformity of upper crustal composition 
throughout post-Archean times.
Are there other data in agreement with such a suggestion? 
Recently, McLennan and Taylor (1980b) examined the Th and U data in 
sedimentary rocks as a function of age. The U data are not relevant 
since this element is relatively mobile during sedimentation and 
diagenesis. The Th data, though somewhat more scattered than the 
REE (probably due to a smaller data base), showed essentially no 
detectable change in abundances during post-Archean times. In 
retrospect, such behaviour is not surprising since it is now known 
that Th coheres with the light rare earth elements in most sedimentary 
rocks. The La/Th ratio in post-Archean sedimentary rocks is constant 
at about 2.7 ± 0.2 (McLennan et^  al_. , 1980). This correlation allows 
an estimate of Th abundances in the upper crust to be made directly 
from the sedimentary data (McLennan ert aT,, 1980; Table 1) and
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constitutes further evidence that post-Archean upper crustal 
abundances have remained virtually constant.
The relation of the major elements in sedimentary rocks to 
upper crustal compositions is considerably less well founded than for 
REE and Th, due to mobility during weathering, sedimentation, 
diagenesis and metamorphism (Veizer, 1973). Theoretically, if the 
average composition of the entire sedimentary record for various times 
could be estimated and a suitable correction made for sedimentary 
recycling and losses to seawater, then precise secular trends of 
crustal abundances could also be estimated. The difficulties with 
such an approach are obvious. A less secure, but alternative method, 
is to examine the major element abundances in clastic sedimentary 
rocks through geological time (e.g. Schwab, 1978; McLennan, 1981; 
considerable information can also be gained from the carbonate data; 
Veizer, 1978; Veizer and Garrett, 1978). In the most recent attempt, 
McLennan (1981) concluded that within the uncertainties of the data 
(which are considerable) no changes in the composition of post-Archean 
clastic sedimentary rocks existed which could be easily related to 
changes in crustal composition.
Archean. Archean sedimentary rocks have different major element 
compositions to those of post-Archean sedimentary rocks. Some 
differences are probably related to changes in upper crustal composi­
tion (e.g. Engel eit al_. , 1974; Schwab, 1978; Veizer, 1979; McLennan, 
1981). Again, the REE patterns have proven useful. Thus Archean 
sedimentary rocks have different REE patterns to post-Archean 
sedimentary rocks (Wildeman and Condie, 1973; Wildeman and Haskin^ 
1973; Nance and Taylor, 1976, 1977; McLennan_et _al., 1979; Taylor,
1977, 1979a;Taylor and McLennan, 1981a,b,c; McLennan and Taylor,
1980a). The salient differences in the Archean REE patterns compared
6
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to those of post-Archean time, are lower ZREE and La/Yb and, most 
importantly, no detectable Eu-anomaly on average. These data, 
along with major element evidence, indicate that the exposed 
Archean crust was of more mafic composition (see Taylor and McLennan, 
1981a,b,c for recent review).
On the basis of sedimentary REE patterns and other geochemical 
arguments, Taylor and McLennan (1981c) proposed models for Archean 
crustal compositions. The REE data are given in Table 1 and displayed 
on Figure 1. A number of workers (Wildeman and Condie, 1973; Nance 
and Taylor, 1977; Jenner et_ ad., 1981; unpublished data from this 
laboratory) have noted Archean sedimentary REE patterns with higher 
EREE and/or La/Yb than suggested by the average shown in Table 1 
(all studies, however, have recognized the lack of significant 
negative Eu-anomalies). If such patterns are common, then the upper 
Archean crust may be somewhat more silica-rich than indicated by 
Taylor and McLennan (1981c). Such a suggestion is also supported by 
major element data (McLennan, 1981). In attempting to provide average 
Archean crustal compositions, various constraints should be noted.
1. Archean continental blocks were small and probably widely 
separated.
2. In contrast to post-Archean time, the dominant igneous 
components comprising the crust were basalts and Na-rich 
granites and felsic volcanics (the so-called tholeiite- 
trondhjemite (tonalite) suite).
3. The silica-rich components may have been preferentially 
concentrated in the upper crust so that the lower crust may 
have been more basaltic. Such a tendency toward a two-layer 
crust was not caused by intra-crustal melting (e.g. there is 
no overall Eu anomaly) and both basaltic and felsic components
7 544.
are derived from the mantle (the latter by melting of eclogite).
4. Individual crustal blocks may thus have had surficial
compositions ranging from one extreme to the other, being 
dominated by basalt, Na-rich granite (and felsic volcanics), 
or a mixture of both, but with a tendency for the felsic igneous 
rocks to dominate at the surface.
Accordingly it is more difficult to specify an average Archean 
crustal composition than to do so for post-Archean time. We have 
examined the available REE data, on the assumption that this provides 
the best sampling mechanism. In Table 1 and Fig. 1 we provide our 
estimate of both the most fractionated and the best average REE 
patterns for the Archean upper crust.
Thorium abundances are lower in Archean sedimentary rocks, further 
supporting the idea of a more mafic upper crust (McLennan and Taylor, 
1980b). As with post-Archean sedimentary rocks Th coheres with the 
light rare earths in Archean sedimentary rocks, although the La/Th 
ratio is distinctly higher at about 3.6 ± 0.4 (which itself is 
evidence for a more mafic crust, see McLennan e_t al., 1980). Thorium 
abundances can also be calculated for the Archean upper crust (as 
outlined above) and the values so derived are given in Table 1.
Archean-Proterozoic Boundary. The change in composition of the upper 
crust is clearly related to the well documented igneous activity at 
the close of the Archean (Moorbath, 1977, 1978, 1979; McCulloch and 
Wasserburg, 1978; McLennan ert al_. , 1979; McLennan and Taylor, 1980a,b; 
Taylor and McLennan, 1981a,b). This change has been demonstrated in 
Early Proterozoic sedimentary sequences in Canada and Australia, 
where sedimentary REE patterns change from Archean patterns at the 
base to post-Archean patterns at the top (McLennan et_ al., 1979;
8
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McLennan and Taylor, 1980a). Changes in REE patterns can be related 
to the gradual unroofing of K-rich granitic batholiths with negative 
Eu anomalies which intruded into the crust at the end of the Archean 
(McLennan e_t al_. , 1979; McLennan and Taylor, 1980a; Taylor and 
McLennan, 1981a,b). Such a model also explains the Th data (McLennan 
and Taylor, 1980b) and the major element data (Taylor and McLennan, 
1981a,b; McLennan, 1981).
The generation of negative Eu-anomalies in the upper crust is 
a consequence of intra-crustal melting (forming granodioritic and 
related magmas) where feldspar (mainly Ca-rich plagioclase), containing 
abundant Eu is retained in the residue (see Taylor and McLennan, 1981b 
for a recent discussion). The vast volume of granitic rock (s.l.) 
intruded into the upper crust represents a new crustal addition of 
material from the mantle, and does not represent remelted ancient 
crust, (e.g. Moorbath, 1976, 1977, 1978; McCulloch and Wasserburg, 
1978). Thus, a preferred model involves two stages where material is 
added to the crust and subsequently remelted (within 100-200 m.y.) and 
intruded into the upper crust. A further time interval may occur 
(perhaps up to 100-200 m.y.) while this material is excavated by 
erosion and appears in the sedimentary record (see Taylor and McLennan, 
1981a,b).
The events related to the Archean-Proterozoic boundary, described 
above, are clearly not synchronous world wide. For example, in South 
Africa, widespread initiation of K-rich granitic magmatism occurred 
considerably earlier (^3.2 - 3.0 Ae) than in most other areas (Cloud, 
1976; Young, 1978; Anhaeusser and Robb, 1980). An older age is also 
recorded in changes in sedimentary REE patterns. Studies in this 
laboratory indicate that the change from typical Archean to post- 
Archean sedimentary REE patterns, in southern Africa occured at about 
the time of deposition of the Pongola sedimentary sequence (^3.0 Ae).
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Thus for the purpose of examining crustal evolution, the Archean- 
Proterozoic "boundary" is in fact a rather protracted event, lasting 
from about 3.2 - 2.5 Ae, depending on location.
MODELS OF CRUSTAL GROWTH
Geochemical evidence indicates the post-Archean upper crust 
has not changed in bulk composition with time suggesting that within 
the uncertainties of the data, new additions to the upper crust during 
post-Archean time have had the same composition as the upper crust 
itself. Thus two models can be erected to explain compositional 
changes at the Archean-Proterozoic boundary (Fig. 2): 1) relatively 
small volumes of material of completely exotic composition were added 
at the Archean-Proterozoic boundary and changed the overall composition 
to that seen today. Subsequent additions would have a composition 
similar to the present day upper crust (Fig. 2a). 2) All upper
crustal additions, including those at the Archean-Proterozoic boundary, 
had a composition similar to the present day upper crust (Fig. 2b).
An obvious implication of this model is that relatively large volumes 
of material would have to be added at the boundary. The second 
alternative is simpler, requires less coincidence, and we consider this 
the most plausible model for upper crustal compositional change. The 
calculations reported here are based on such a model.
REE distributions. Any calculation which models changes in REE 
distributions in the upper crust at the Archean-Proterozoic boundary 
is tightly constrained by the depletion in europium in the post- 
Archean upper crust. We have determined average Eu/Eu* for over 60 
each of Archean and post-Archean sedimentary rocks. The averages and 
uncertainties (at 99% confidence level) are: Archean Eu/Eu* = 1.00 ± 
0.05; post-Archean Eu/Eu* = 0.65 ± 0.03. We take these values as
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representative of the Archean and post-Archean upper crusts, 
respectively. In comparison, average total REE abundances in post- 
Archean sedimentary rocks can be determined only to within about 
8% precision (at 99% confidence).
We have performed mass balance calculations in an effort to 
minimize the amount of material, with post-Archean upper crustal 
charateristics (added at the Archean-Proterozoic boundary), that is 
required to "swamp out" the Archean upper crustal charateristics.
Thus our Archean composition maximizes EREE and minimizes Eu/Eu*
(0.95); our composition of boundary additions also maximizes EREE 
and minimizes Eu/Eu* (0.62). The details and results of the 
calculations are summarized in Table 3. Taking the uncertainties 
to the limit, the data that the minimum ratio of post-Archean to 
Archean upper crustal REE abundances required to eliminate the Archean 
upper crustal europium signature is about 3:1 (i.e. - x. = 0*25 where 
_x is the mass fraction having Archean composition).
Th abundances. Thorium abundances in the exposed crust can also 
be modelled in a fashion similar to the REE data. In the case of Th, 
the uncertainties are considerably greater and changes at the boundary 
are not as well constrained as with Eu/Eu*. Table 3 also summarized 
the details and results of the Th calculations. Again, taking the 
uncertainties to the limit, the data suggest a minimum ratio of post- 
Archean to Archean compositions required to eliminate the Archean Th 
abundance signiture in about 1.25:1 ( x = 0.44). Such a value, however, 
does not realistically explain the REE data. On the other hand, 
the maximum value of x suggested by the REE data (_x = 0.25) does 
explain the Th data very well. Accordingly, we take the two calcula­
tions to be in essential agreement.
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Sr-isotopes. The trace element calculations demanded that upper 
crustal additions at the Archean-Proterozoic boundary had to have a 
composition similar to the composition of the post-Archean upper 
crust. Although we consider this a very plausible model, independent 
observations which support the trace element results would be 
desirable.
Veizer and Compston (1974, 1976) have examined the Sr-isotopic 
record of marine carbonates through geologic time. Since such rocks 
are precipitated from the oceans, they record the Sr/ Sr of the 
marine environment (see Gast, 1955; Peterman et al., 1970; Veizer, 
1976a; Veizer and Compston, 1974, 1976). Archean carbonate
8 7 /8ftSr/ Sr ratios are similar or slightly higher than presumed upper 
mantle values. This suggests that extensive continental masses 
(with higher 87Sr/86Sr) were not exposed. There is, however, a 
marked increase in 87Sr/86Sr (^0.0025) during the period ca. 2.6-2.1 
Ae., followed by more gradual increases during the rest of post- 
Archean times. The sharp increase in Sr/ Sr just after the boundary 
is best explained by an increase in the area of Rb-rich continental 
crust and a change in control of seawater Sr-isotopic composition 
from dominantly mantle (i.e. oceanic volcanics) during the Archean 
to dominantly continental during the post-Archean. This is also 
consistent with a major period of crustal growth at the boundary 
(also see Hanson, 1980; McLennan, 1980).
The present day 87Sr/86Sr ratio of sea water is significantly 
below that of the upper continental crust and continental waters 
(Veizer and Compston, 1974). The reason for this is not entirely 
clear but may be related to a buffering of marine Sr/ Sr by basalt- 
seawater interaction (Spooner, 1976) or the preferential weathering 
of old carbonate rocks (Brass, 1976; Brass and Turekian, 1976). In 
any regard, the lack of understanding of the relationships of
12
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8 7 . 8 7Sr/ Sr in seawater and crust leaves detailed mass balance 
calculations unconstrained.
Hurley and Rand (1969) examined the age of continental basements 
(mainly using Rb-Sr dates). Figure 3 summarizes their findings and 
shows the present day areal distribution of continental basement as 
a function of age (450 m.y. intervals). Hurley and Rand (1969) 
suggested these data recorded an exponentially increasing rate of 
continental crust production from about 3.8 Ae to the present. 
Alternatively, it could be argued that all of the crust formed early 
in earth's history and these data merely record its recycling through 
the mantle (Armstrong, 1968, 1981). Recently, Veizer (1976a,b) 
examined these models, in light of the data in Figure 3 and the 
Sr-isotopic data from seawater, and found neither model was acceptable. 
He favoured a model of linear growth of continental crust, through much 
of earth history, combined with intra-crustal (e.g. sedimentary) 
recycling, which was faster than the rate of growth. In such a 
model, the period of excess crustal formation between ca. 2,7-1.8 Ae 
(Fig. 3) takes on particular significance and, assuming reasonable 
recycling rates, indicate that about 67% of the present day exposed 
crust formed during this period (Veizer, 1976a,b; also see Veizer 
and Jansen, 1979). Such treatment is model dependent (Veizer, 1976a,b) 
but the results are in agreement with our trace element calculations 
which were based on a different set of assumptions.
The period of high growth rate suggested by the Rb-Sr data 
(Fig. 3) shows a considerably greater spread in age (2.7 - 1.8 Ae) 
than that suggested by the trace element models (>2.5 Ae). For the 
period 1.80 - 2.25 Ae, much of the data comes from the Churchill 
Structural Province of Canada (Hurley and Rand, 1969). Recent Sm-Nd 
dating of this terrain (McCulloch and Wasserburg, 1978) indicates 
many of these rocks are in fact about 2.5 - 2.7 Ae, considerably
13
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older than suggested by the Rb-Sr dating, and easily correlated with 
the growth at the Archean-Proterozoic boundary.
DISCUSSION
The trace element calculations indicate that a minimum of 3 parts 
typical post-Archean upper crustal composition would have to be added 
to typical Archean upper crustal composition to produce the changes 
in sedimentary REE patterns. The processes of sedimentation 
obviously only sample the uppermost regions of the exposed crust and 
thus changes in REE characteristics are most likely measuring changes 
in the area of crust exposed to weathering and erosion (see Taylor 
and McLennan, 1981a,c). Such a suggestion is in agreement with the 
Sr-isotope data (Hurley and Rand, 1969; Veizer, 1976a,b; Veizer and 
Jansen, 1979).
The above discussion suggests a minimum increase in the area of 
exposed crust by a factor of 4 at the Archean - Proterozoic boundary.
A maximum increase by as much as a factor of 10 is not ruled out by the 
data. For this paper we adopt the most conservative value of 4.0 but 
emphasize this number could be significantly higher. To make use of 
this value in generating a model of crustal growth, some idea of the 
amount of Archean crust just prior to the Archean-Proterozoic boundary 
is necessary. Much exposed crust, of both granitic and volcanic 
character, must have been present to explain the widespread Archean 
clastic sedimentary record (see Taylor and McLennan, 1981a,b,c).
Moorbath (1976, 1977, 1978) has suggested only small amounts (perhaps 
5-10%) of continental crust existed during the period 3.8-3.5 Ae. The 
maximum area at the end of the Archean, appears to be about 25% of the 
present day crustal areas, assuming there has been no net crustal loss 
during the post-Archean. We adopt a value of 20% which is approximately 
consistent with formation of about 2/3 of the areal distribution of the
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continents at about the Archean-Proterozoic boundary suggested by 
Veizer (1976b).
The model for change in areal distributions of continents with 
time, suggested by the above discussion, is presented in Figure 4.
Prior to about 3.9 Gyr., any crust on the earth was probably massively 
altered or destroyed by the intense meteorite bombardment which was 
endemic in the solar system, at least as far out as Saturn. The 
model further assumes linear growth of areal distribution of crust 
for periods before and after the Arcehan-Proterozoic boundary. This 
assumption is over-simplified since most crustal growth probably occurs 
episodically (Moorbath, 1976, 1977, 1978; McCulloch and Wasserburg, 
1978). However, in light of the complete lack of quantitative 
estimates during other periods of crustal growth (see above), a linear 
model is a reasonable approximation.
Relating changes in areal distribution of the continental crust
to changes in volume (and, indirectly, to mass), is fundamentally a
problem of isostasy. Many variables are important, including area of
the earth (A ), fractional area of the continental crust (A_), e C
fractional area of the oceans (A^), fractional thickness of the
continental crust (T ), fractional depth of the oceans (T ), fractionalU
thickness of the oceanic crust (T^ ), fractional volume of the 
continental crust (Vq ), fractional volume of the oceans (Vq) and an 
isostatic link (I) relating crustal thickness to ocean depth (i.e.
T = I*Tn), as well as densities of the various components (Wise,
1974). The variables V^, and I are independent. Wise (1972, 1974) 
has developed a constant free board model to analyse the above 
variables and graphical solutions are shown in Figure 5. We have used 
different present day values for the above variables to those of 
Wise (1974), but our solution differs little from his.
15
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Three important assumptions are made to formulate the solutions 
in Figure 5.
1) A„ is constant (i.e. no significant earth expansion);
£ j
2) A simple function relates T and T (i.e. the value of I);
3) T is constant through time.UL»
Evidence concerning changes in Earth’s radius was recently considered 
by McElhinny e_t al. (1978) and the likelihood of significant changes 
in Ag can be safely dismissed. The second assumption is controlled 
by crustal structure, crustal densities and T and thus partly 
related to the third assumption. Wise (1974) has discussed the 
complications in assuming a simple isostatic link between T^ and T^. 
Plausible changes in crustal structure and densities would not 
significantly alter the final calculations. The final assumption 
is perhaps the most problematical. The present-day average thickness 
of oceanic crust is about 6 km. The question of the thickness of 
oceanic crust during the past is controversial (Green, 1975; Hargraves, 
1976; Bickle, 1978; Fyfe, 1978; Gorman et al., 1978; Sleep, 1979) 
and no consensus is available. We adopt the constancy of ocean crust 
thickness as a conservative assumption.
It is clear from Figure 5, that if two parameters or ratios of 
parameters are known the other parameters can be determined. It has 
been the contention of this paper that changes in the area of crust 
can be reasonably modelled.
Changes in ocean volume are almost certainly related to the 
degassing history of the earth. Two extreme models of degassing 
have been suggested: 1) catastrophic early degassing, this would 
have the effect of producing the entire oceans very early in Earth’s 
history (e.g. Fanale, 1971); 2) continuous degassing throughout 
Earth's history related to magmatic history; this would imply
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growth of the continents at a rate comparable to the growth of the 
crust (e.g. Bernatowicz and Podosek, 1978, Hart and Hogan, 1978;
Schopf, 1980. As pointed out by Taylor (1979b), it is difficult to 
reconcile the K budget of the earth to early catastrophic degassing 
models. It is likely that the true degassing history lies somewhere 
between the extreme models.
Solutions to the equation, graphically displayed in Figure 5, for 
changes in V and T are given in Figure 6. Constraints are from 
Figure 4 and two extreme models for the growth of the oceans:
1) catastrophic early degassing such that = 1.00 for all time 
considered (upper lines);
2) continuous degassing such that changes in ocean volume are
directly related to changes in crustal volume or V /V = 1.00U
(lower line). This, in fact, would probably represent a lowermost 
limit since it is likely that the more volatile oceanic components 
would evolve somewhat faster than those forming the crust (see 
discussions by Hart and Hogan, 1978; Schopf, 1980).
Regardless of the degassing history of the Earth, Figure 6 indicates 
a truly remarkable period of crustal growth related to the Archean- 
Proterozoic boundary. No reasonable change in any of the parameters 
adopted would significantly change this basic conclusion. Indeed 
it is likely that crustal growth at the Archean-Proterozoic boundary 
was greater than indicated on Figure 6, since we have adopted conserv­
ative values for the various parameters throughout the discussion. 
Depending on the degassing history of the earth, the parameters adopted 
indicate that between about 45-60% of the crust formed around 3.2-2.5 
Ae. A value as high as 70% could be consistent with the data. These 
further suggest that at least 55-75% (and possibly up to V)0%) of the 
continents had formed by 2.5 Ae.
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Armstrong (1969, 1981) and Armstrong and Hein (1973) have argued 
that the continental crust formed very early in Earth’s history and 
have subsequently been continuously recycled through the mantle in a 
steady-state fashion. A major supporting argument for this model has 
been that continental freeboard (elevation of continents relative to 
sea level) has remained essentially constant during the past 2.5 Ae 
(in fact, the data are only well constrained to about the base of the 
Paleozoic, see Wise, 1974). The models of crustal growth presented 
here is equally in accord with the constant freeboard model. Thus 
the freeboard argument does not constitute unique evidence for very 
early formation of the crust.
Present day additions to the continental crust probably form 
through the addition of andesites and related igneous rocks in response 
to subduction related processes (Taylor, 1967, 1977; Fyfe and 
McBirney, 1975; Ringwood, 1977, etc.). The continental crust is
o —  1presently growing at about 0.1 - 0.5 km a (Brown, 1977; Brown and 
Henessy, 1978; Fyfe, 1978). Figure 6 predicts an average crustal 
growth rate of less than about 1.1 - 0.6 km3a 1. Crustal growth rates 
for the period around the Archean-Proterozoic boundary are predicted 
to be greater than about 4.6 - 6.1 km a or approximately £ 10 times 
the present rate.
CONCLUSIONS
Geochemical modelling of REE in sedimentary rocks in conjunction 
with isotopic data, suggest a major period growth of continental crust 
around the Archean-Proterozoic boundary. A minimum of 45% and as much 
as 70% of the continental crust formed between about 3.2 - 2.5 Ae. At 
least 55-75% of the continental crust had formed by about 2.5 Ae. Such 
a model is able to predict relatively constant freeboard during the 
past 2,500 million years, thus compromising the constant freeboard model
18
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(e.g. Wise, 1974) as evidence of large scale mantle recycling of 
continental material (Armstrong, 1968, 1981). The model also 
indicates the rate of crustal growth was approximately > 10 times 
the present value during the period 3.2 - 2.5 Ae.
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Table 1. 
for Post
REE and Th in the exposed crust 
- Archean and Archean times.
Post-Archean 
Upper Crust :)
Archean 
Upper Crust 2) 
I
Archean 
Upper Crust 3) 
II
La 30 12.6 25.0
Ce 64 26.8 51.6
Pr 7.1 3.13 5.50
Nd 26 13.0 21.3
Sm 4.5 2.78 3.72
Eu 0.88 0.92 1.13
Gd 3.8 2.85 3.24
Tb 0.64 0.48 0.55
Dy 3.5 2.93 3.24
Ho 0.80 0.63 0.69
Er 2.3 1.81 1.92
Tm 0.33 0.26 0.27
Yb 2.2 1.79 1.79
Lu 0.32 0.27 0.27
Eu/Eu* 0.65 1.0 1.0
Th 11.1 3.5 6.9
Notes: 1) data from Taylor and McLennan, 1981a); McLennan et al. 
(1980)
2) estimate of the Archean exposed crust, based on 
sedimentary rocks from the Yilgarn Block, Western 
Australia. Data from Taylor and McLennan (1981a).
3) estimate of most fractionated Archean exposed crust 
allowed by the Archean sedimentary data.
All concentrations in ppm.
Table 2. Average Eu/Eu* for various Post-Archean 
fine-grained sedimentary rocks
564.
Samples
Approx
Age
(Ae)
Number
(n)
Average
Eu/Eu* Reference
Gordon Lake Fm 2.2 6 0.65 1
Mount Isa 1.5 4 0.64 2
Henbury 1.1 3 0.62 3
Amadeus Basin 0.85 6 0.66 2
State Circle Shale 0.44 7 0.68 2
Canning Basin 0.40-0.25 3 0.65 2
Perth Basin 0.25-20 4 0.68 2
Kimmeridgian 0.15 22 0.66 4
SCo-1 0.08 1 0.70 5
SGR-1 0.05 1 0.67 5
MAG-1 0 1 0.68 5
Modern Rivers 0 8 0.64 6
References: 1) McLennan et al. (1979)
2) Nance and Taylor (1976)
3) Taylor and McLennan (1979)
4) Dypvik and Brunfelt (1979)
5) McLennan and Taylor (1980c)
6) Martin and Maybeck (1979)
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FIGURE CAPTIONS
Figure 1. Chondrite-normalized REE diagram showing average post- 
Archean and Archean upper crust compositions. These 
data are derived from REE distributions in sedimentary 
rocks. Two Archean REE patterns are shown; one is 
considered to be the best estimate of the overall average 
suggested by Taylor and McLennan (1981c) and the other is 
the most fractionated pattern that is feasible from the 
sedimentary data. The most fractionated pattern is adopted 
for this study since it minimizes the effect under 
consideration.
Figure 2. Schematic diagram of composition versus time showing two
possible models for changes in the composition of the upper 
crust. Since REE and Th abundances in fine grained 
sedimentary rocks do not change during post-Archean times, 
it is suggested that new additions to the upper crust must 
have had a composition similar (within analytical 
uncertainty) to the upper crust itself. Thus the dramatic 
change in composition at the Archean-Proterozoic boundary 
may have been caused by the addition of material of exotic 
composition with subsequent additions having compositions 
similar to the present day upper crust (A). Alternatively, 
all later additions to the upper crust including those at 
the Archean-Proterozoic boundary, may have had a composition 
similar to the present day upper crust (B). An obvious 
implication of this model is that relatively large volumes 
would have to be added. In the present work model B has 
been adopted.
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Figure 3. Plot of present-day areal distribution of continental 
basement as a function of age (Hurley and Rand, 1969).
Such data have been explained in terms of accelerating 
growth rates of continental crust (Hurley and Rand, 1969) 
and early formation of continental crust with later mantle 
recycling (Armstrong 1968, 1981). Recently, Veizer 
(1976a,b) and Veizer and Jansen (1979) have argued that 
when sedimentary recycling (i.e. - intra- crustal recycling) 
is considered, such data are consistent with a linear growth 
of continents with a particularly active period of growth 
sometime between 1.8 - 2.7 Ae. Veizer (1976) indicated 
that as much as 2/3 of the present and distribution of 
continental crust may have formed at that time.
Figure 4. Fraction of area of exposed crust as a function of age, 
suggested by the trace element and isotopic modelling.
The large increase in area for the period 3.1 - 2.5 Ae 
may well be a minimum. It is assumed that if any crust 
formed before about 3.9 Ae, it was destroyed or massively 
altered by the intensive meteorite bombardment that was 
endemic throughout the inner solar system at least as far 
out as Saturn.
Figure 5. Graphical solutions of constant freeboard equations
(Wise, 1974). The assumptions and variables are defined 
and discussed in the text. The following present day values 
were adopted: Ae = 5.1 x 108km2; area of the continental
crust = 1.8 x 108km2; area of the oceans = 3.3 x 108km2; 
volume of the continental crust = 61.2 x 10 km ; volume 
of the oceans = 12.5 x 108km2; thickness of the continental 
crust = 34 km; depth of the oceans = 3.8 km; density of the
Figure 5. 
(Contd)
Figure 6.
continental crust = 2.9g.cc. 1 ; density of the ocean
crust = 2.7 g.cc 1; density of ocean water = 1.0 g.cc 1;
density of the mantle = 3.3 g.cc 1. The isostatic link
relating thickness of crust to depth of ocean was taken
as: T = 12.3 + 5.75 T . c o
Solutions of constant freeboard equations for crustal 
volume and thickness for changes in continental crustal 
area depicted in Figure 4 and two extreme models of 
degassing. The upper lines represent solutions for 
catastrophic degassing such that Vq = 1.00 for all time 
considered (3.9 Ae to present). The lower lines represent 
solutions for continual degassing which is related to the 
growth of continents such that ^Q/^c = 1.00 for all time 
considered. It is quite likely that the increases in 
and T^ at the Archean-Proterozoic boundary are even more 
dramatic than shown since very conservative values were 
adopted to formulate the model in Figure 4.
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INTRODUCTION
Current thoughts on the early history of the earth have been greatly influenced by the 
models of Cloud (1972, 1976). These models have attempted to explain, in an internally 
consistent fashion, the evolution of the atmosphere, hydrosphere, biosphere and crust of 
the earth. Our concepts of the origin of one of the most enigmatic rock types in the 
geologic record - the early Precambrian banded iron formations - have also been greatly 
influenced by Cloud's models. During the past several years, many advances have been 
made in the fields of isotopic age dating, geochemistry and sedimentology which are 
significant to our understanding of the early history of the earth and to the origin of 
early Precambrian banded iron formations. In this context, a review of some of these 
advances and their implications seems warranted.
PRECAMBRIAN CRUSTAL EVOLUTION
G e o c h e m i c a l  C o n s i d e r a t i o n s
Many workers have studied sedimentary rock composition in order to evaluate possible 
secular changes in upper crustal composition (see review by Schwab, 1978). Through time 
there have been decreases in Al, Na and Mg and increases in Si, K and Ca in sedimentary 
rocks. It is uncertain, however, if these trends are primarily controlled by chemical 
evolution of the upper crust, recycling of sedimentary debris, diagenesis and metamorphism, 
or changes in sedimentary styles.
Trace element studies in sedimentary rocks can add greatly to our understanding of crustal 
evolution. To this end, the study of rare earth elements (REE) has proven particularly 
useful since they are not severely affected by most sedimentary and metamorphic processes 
and their distribution in fine-grained sediments is thought to be fairly representative of 
upper continental crustal abundances.
There is a distinct difference in REE patterns for Archaean and post-Archaean sedimentary 
rocks (see review by Taylor, 1979). These trends were precisely defined in detailed 
studies of Australian sedimentary rocks (Nance and Taylor, 1976, 1977; Taylor, 1979) where 
it was shown that two suites of Archaean and post-1.5 Gyr B.P. sedimentary rocks had con­
sistent and significant differences in REE distributions. The most recent estimates 
(Taylor, 1979) of average Archaean (AAS) and post-Archaean (PAAS) sedimentary rock REE 
patterns are plotted, normalized to chondrites, in Fig. 1. Both of these patterns reflect 
an efficient sampling of the contemporaneously exposed upper crust (Taylor and McLennan, 
1980). Such patterns support a compositional change in the exposed crust from andesite 
during the Archaean to granodiorite during the post-Archaean.
These studies lacked sampling during the important period of 2.7-1.5 Gyr B.P. McLennan 
et al. (1979a) attempted to fill this 'gap' in a study of the Lower Proterozoic Huronian 
succession of Canada. These rocks were deposited some time between about 2.6-2.16 Gyr B.P. 
(Roscoe, 1973). Lower Huronian REE patterns were similar to typical Archaean sedimentary 
rocks while upper Huronian samples were virtually indistinguishable from post-1.5 Gyr B.P. 
sedimentary rocks. The interpretation suggested that an essentially episodic change in the 
composition of the upper crust occurred at the end of the Archaean, related to widespread 
intrusion of K-rich granitic rocks into the upper crust (Fig. 2). Modelling of the REE data 
indicates that a mixture of 1/3 late Archaean K-rich granites to 2/3 early Archaean upper 
crust is necessary to produce the post-Archaean sedimentary REE pattern (Taylor and 
McLennan, 1980). Recent research in the Lower Proterozoic Pine Creek Geosyncline of 
Australia i6 in full agreement with the Huronian data (McLennan and Taylor, 1980).
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Figure 1: Rare earth element (REE) diagram, normalized to chondrites, 
for Post-Archaean average Australian sedimentary rock (PAAS) 
and average Archaean sedimentary rock (AAS). Data from 
Taylor (1979), Taylor and McLennan, 1980). AAS resembles 
modem calc-alkaline andesites while PAAS resembles 
typical granodiorite.
The uniformity in REE patterns in post-Archaean sedimentary rocks is difficult to explain 
in terms of a slowly evolving upper continental crustal composition. Instead, the REE 
patterns support a two stage model with a sharp break in composition at the Archaean- 
Proterozolc boundary (current work in Greenland may suggest a more complex history before 
about 3.0 Gyr B.P. on some continents).
Sr Isotopes in Seawater
Veizer (1976a) and Veizer and Compston (1976) have made estimates, from carbonate rocks, of 
Sr isotopic composition of seawater through time. Archaean 87Sr/88Sr ratios are not 
dissimilar to upper mantle values. There is, however, an extremely sharp increase of 
the radiogenic component (approximate increase in e7Sr/87Sr ■ 0.0025) between about 
2.5 - 2.1 Gyr B.P. followed by a gradual increase during the Proterozoic and Phanerozoic. 
The sharp increase corresponds to the REE change and was interpreted as being a result of 
significant fractionation of the crust. Veizer and Compston (1976) suggested the 
extremely low 87Sr/88Sr of Archaean seawater was due to a high mantle influence and con­
cluded that there was very little 'conventional' continental crust being eroded. This 
is in agreement with other geochemical information on the nature of Archaean oceans 
(Fryer et al., 1979).
Sm-Nd Systematics
Sm-Nd dating in the Canadian Shield (McCulloch and Wasserburg, 1978) suggests that much of 
the rock exposed in the Churchill Province formed at about the 6ame time as the Superior 
Province (2.7-2.5 Gyr B.P.) - a fact long recognized by geologists but never before 
clearly demonstrated by geochronology. These authors suggested that this event represented 
a major crust-forming period because the material must have come from a source with
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Figure 2: Generalized model of crustal evolution as indicated by
REE evidence (McLennan et al. , 1979a). A. Archaean 
REE patterns resulted from an early upper crust dominated 
by greenstones (black) and Na-rich granitic material 
(hatched). B. At the end of the Archaean (ca. 2.7 Gyr B.P.; 
earlier in South Africa), K-rich granitic rocks (white) 
were intruded into the crust. Erosion and gradual un­
roofing of these rock6 resulted in rapidly changing 
sedimentary REE patterns. C. When erosion cut 
sufficiently deep, typical post-Archaean sedimentary 
REE patterns appeared (indicating a granodioritic upper 
crust) and these have remained essentially unchanged.
chrondritic-like Sm/Nd (0.31; i.e. - the mantle). They noted that, "it appears that the 
activity around the period 2.5 to 2.7 AE is unique in geologic history and that some 
truly major periods of continental growth are sharply episodic." (McCulloch and 
Wasserburg, 1978, p.1011).
TIMING OF CONTINENTAL EMERGENCE AND STABILIZATION
An intriguing model of crustal evolution has been proposed recently by Hargraves (1976) 
who argued that the sialic and simatic portions of the earth separated during the early 
Archaean but remained submerged beneath a globe-encircling sea until much later. Land 
areas were small and ephemeral during the Archaean and were related to the rise of 
greenstone piles above sea-level. On the basis of geochemical and heat flow evidence, 
Hargraves suggested that the continents did not stabilize and rise substantially above 
sea-level until about 1.4 Gyr B.P.
Although there is some merit in the idea of submerged sialic crust during the Archaean 
(see Windley, 1977), Hargraves' (1976) precise timing of continental emergence and 
stabilisation is clearly at odds with most evidence. Windley (1977) has shown that the 
continental crust was thick and extensive during the Early Proterozoic. Local areas 
show crustal thicknesses of >30 km, comparable to modern values (Tarney and Windley,
1977). Such a thickness could easily sustain land masses about 2 km above sea level 
(Hargraves, 1976; Windley, 1977). Windley (1977) also pointed out that extensive,
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relatively stable epicontinental basins first appeared on the North American craton during 
the Early Protozeroic (Fig. 3A), clearlv indicating exposed land. Such stable epicontin­
ental basins also first appeared during the Early Proterozoic in Australia (Fig. 3B) and 
most other continents. Another important point, not previously emphasized is the evidence 
for extensive Early Proterozoic glacial deposits throughout North America (Young, 1970, 
1973). Stratigraphic correlations suggest these rocks were depos»£«£fcj as part of a single 
continental glaciation (Fig. 3A). Such a phenomenon would require extensive exposures of 
land.
Figure 3: A. Map of the Canadian Shield shoving areas of Lower Proterozoic
deposits (stippled). Evidence from Sm-Nd dating (McCulloch and 
Wasserburg, 1978) indicates that much of the Canadian Shield may 
have been part of the Archaean basement. Heavy broken lines are 
possible extent of LoveT Proterozoic glaciation. Arrows show 
major palaeocurrent trends. These features indicate that much of 
the Canadian Shield was exposed and stable by the end of the 
Archaean (after Windley, 1978: Young, 1973).
B. Map of Australia shoving major basins of Lower Proterozoic 
deposits (stippled). Archaean cratons are shown by heavy lines 
and possible extensions are indicated by question marks. Such 
widespread Lower Proterozoic deposits 6trongly suggest that an 
extensive continent was exposed at the end of the Archaean (after 
Plumb, 1978).
REE and isotopic evidence support a major change in the composition of the exposed crust, 
probably related to the intrusion of late Archaean granitic rocks. It is also now clear 
that the continents were emergent and began to stabilize during the late Archaean - early 
Proterozoic. The widespread development of relatively 6table epicontinental basins at 
about this time (see Cloud, 1976; Frarey, 1976) was probably in response to the dramatic 
change in the chemical and structural nature of the crust.
South Africa
Cloud (1976) drew attention to the 'diachronous nature of cratonisation' which brought to 
an end the Archaean style of crustal evolution. In particular, he noted the initiation 
of Proterozoic-style basin development (Pongola, Dominion Reef, Witwatersrand "Systems") 
during the late Archaean of South Africa (3.1-2.5 Gyr B.P.). The term "Zuluan Wedge" 
was introduced to incorporate these rocks into a uniform time scale (Cloud, 1976). If 
the above interpretation of the geochemical and isotopic data is correct, we may predict 
that these upper Archaean sedimentary rocks of South Africa should show similar evolutionary
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trends to Lower Proterozoic rocks in Canada and Australia. Preliminary trace element 
studies of sedimentary rocks from the Pongola and Witvatersrand Systems indicate that 
typical post-Archaean REE patterns may be common, thus reinforcing the above interpreta­
tion of crustal evolution and the concept of the Zuluan Wedge proposed by Cloud (1976).
OXYGEN IN  THE PRECAMBRIAN ATMOSPHERE AND HYDROSPHERE
It has been argued by many workers that the early Precambrian (>2 Gyr B.P.) atmosphere 
and hydrosphere were deficient in free O2, although several workers have recently dis­
puted this claim (e.g. Dimroth and Kimberley, 1976). It is beyond the scope of this 
paper to discuss, in detail, evidence for an 02-deficient early Precambrian atmosphere 
and hydrosphere, but the most important points can be summarised as follows:
1) paucity of well-documented, syngenetic, subaerially oxidised hematitic sediment
before about 2.2-2.3 Gyr B.P. (see Cloud, 1976, for discussion). This line of evidence 
remains ambiguous since tectonic conditions favourable to red bed development were not 
common during the Archaean (Bridgwater and Pyfe, 1974). Also, it remains to be proven 
what levels of free 02 are necessary to allow the formation of such deposits. It is
interesting to note, however, that lower Huronian sedimentary rocks (>2.16 Gyr old) are 
characteristically drab coloured even though they were deposited in environments where 
oxidised, hematitic sediments would be expected to form (Roscoe, 1969). On the other 
hand, upper Huronian sedimentary rocks (Cobalt Group) are brightly coloured due to 
hematitic alteration (Roscoe, 1969).
2) apparent iron mobility and high Fe2+/Fe3+ ratios in early Precambrian weathering 
profiles (Rankama, 1955; Pienaar, 1963; Fryer, 1977). This line of evidence must alBO 
be considered somewhat ambiguous since some evidence for iron accumulation is present in 
pre-Huronian palaeosols (Fryer, 1977; Holland, 1979).
3) enrichment of iron (particularly Fe2 + ) and manganese in Archaean and Lower 
Proterozoic carbonates (Veizer, 1973, 1976b, 1978). It is well known that carbonates can 
be enriched in Fe2+ during diagenesis and metamorphism and that this could cause the trends 
of increasing iron (and Fe2+/Fe3+) with increasing age. However, Veizer (1978) has care­
fully and systematically considered these secondary effects and concluded that they cannot 
be the dominant control. A primary origin for these features is strongly indicated and 
suggests a much lower amount of free oxygen in the hydrosphere and atmosphere (Veizer,
1978).
4) evolution of the dominant heavy mineral suites in Lower Proterozoic sedimentary rocks
(Roscoe, 1969; 1973) from those thought to be unstable during oxidising weathering
(pyrite, uraninite, etc.; the "yellow sands" of Roscoe, 1973) to normal suites, similar 
to those found today. It is well known that pyrite is a physically resistant mineral and 
is a common heavy mineral even in river deposits forming at the present time, but its 
abundance, as a detrital mineral, is invariably trivial (Pettijohn et al., 1973). Pyrite 
cannot be expected to survive during extended periods of oxidising weathering (Pettijohn 
et al., 1973). In lower Huronian sandstones, however, pyrite is a major heavy mineral.
Its origin as, primarily, a detrital mineral is firmly established (Roscoe, 1969, 1973; 
Frarey and Roscoe, 1970; Bee below). These rocks were derived from a weathered source 
(Roscoe, 1969; 1973; Frarey and Roscoe, 1970; McLennan, 1977) and some of these rocks
even bear evidence of weathering occurring penecontemporaneously with sedimentation 
(Long, 1976).
5) presence of extensive uraninite-pyrite bearing quartz-pebble conglomerates in late 
Archaean - Early Proterozoic sedimentary rocks. Important occurrences include the Blind 
River, Witwatersrand, Montgomery Lake Group and Serra de Jacobina deposits. A detrital 
origin for much of the uraninite and pyrite has been firmly established by field 
relations (Pienaar, 1963; Gross, 1968; Roscoe, 1969; Robertson, 1976), sedimentological 
and petrographic studies (Pienaar, 1963; Roscoe, 1969; Minter, 1976), geochemistry 
(Pienaar, 1963; Roscoe, 1969; Grandstaff, 1974; Robertson, 1976) and isotopic studies 
(Roscoe, 1969; Rundle and Snelling, 1977). In the case of the Blind River deposits, it 
is known that the sericitic matrix of the conglomerates is virtually indistinguishable 
from the underlying sericitic palaeosol and was probably derived from it (Robertson, 1976). 
This supports the contention that these rocks were derived from a weathered source.
Kinetics of uraninite oxidation at the earth's surface (Grandstaff, 1974) indicate upper
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oxygen partial pressures for the atmosphere, at that time, of about 10“7 to 10“3 atm.
The idea of an early 02-deficient atmosphere and hydrosphere is also attractive because 
many other features of the geologic record can be explained by such conditions. Holland 
(1973) and Drever (1974) pointed out that the oceans are the most likely source of the 
iron in Precambrian iron formations. They noted that a massive iron reservoir in the
oceans would be possible if the amount of 02 in the atmosphere were much lower than at 
present. Establishment of a stable oxygenic environment during the early Proterozoic is 
compatible with palaeobiological observations (Schopf, 1979). Initiation of widespread 
sulfate-reduction at ca. 2.3 Gyr B.P. (Lambert, 1978: Donnelly and Lambert, 1979) is
consistent with the absence of widespread oxidising environments before this time.
Indus River Uraninite
The presence of minor amounts of detrital uraninite in the Indus River (Zeschke, 1961) led 
several authors (e.g. Simpson and Bowles, 1977) to discount the large Precambrian uraninite 
deposits as evidence for an 02-deficient environment. However, the Indus River occurrence 
is two to three orders of magnitude smaller than the Blind River occurrence, and is found 
in a mountainous area in one of the most tectonically active regions of the world. This 
area contains no weathering mantle and has abundant glacial deposits (Snead, 1972). Under 
such conditions, one can easily visualize unweathered uraninite being incorporated into a 
stream where oxidation reactions would be extremely sluggish. On the other hand, the 
source of Huronian rocks appears to have had gentle relief (Frarey and Roscoe, 1970). 
Tectonic activity was comparatively mild and mainly related to fault movements (Roscoe, 
1969). Furthermore, the uraninite deposits of the Huronian succession appear to have 
been derived from an intensely weathered source (Pienaar, 1963; Roscoe, 1969; Robertson, 
1976). It seems most unlikely that uraninite (or pyrite for that matter) could withstand 
such conditions in an oxidising environment.
Timing of Oxygen Introduction
The timing of 02 Introduction is most important. Careful examination of the Lower 
Proterozoic Huronian succession of Canada is instructive. The base of the Huronian is 
marked by high Fe2+/Fe3+ palaeosols (see above) and extensive U-pyrite conglomerates. 
Calcites of the Espanola Formation contain abundant Fe which cannot easily be explained 
by diagenetic or metamorphic controls (McLennan et a2., 1979b). Lower Huronian sand­
stones and conglomerates typically contain pyrite-rich heavy mineral assemblages (Roscoe, 
1973). These observations indicate an 02-deficient environment. As pointed out above, 
Lower Huronian rocks are invariably drab coloured even though depositional environments 
are such that red beds could be preserved (Roscoe, 1969). On the other hand, Upper 
Huronian sedimentary rocks (Cobalt Group) display heavy mineral suites typical of young 
sedimentary rocks. Red coloured rocks are found in all units of the Cobalt Group 
(RoBcoe, 1969). This colouration doe6 not appear to be inherited and probably formed in 
situ (Roscoe, 1969). If these characteristics are recording a significant influx of 02, 
then it seems likely that it occurred near the lower boundary of the Cobalt Group.
The Huronian lies unconformably on Archaean basement and is thus younger than about 2.6 
Gyr. It is clearly older than about 2.16 Gyr (all Rb-Sr dates have been recalculated 
using ARb67«l.39xl0_1^yr-1), since it is cut by diabase of this age (Fairbaim et al., 
1969). Sedimentary rocks of the Gou-ganda Formation (Cobalt Group) have been dated at 
about 2.3 Gyr B.P. (but with a large error: Fairbaim et al., 1969). Oxygen was 
clearly introduced before 2.16 Gyr B.P. and a tentative age of greater than 2.3 Gyr B.P. 
(but less than 2.6 Gyr) seems consistent with all the data. This age is significantly 
older than the usually quoted age of 2.0 Gyr B.P. Roscoe (1973) quoted a date of 2.3 
Gyr B.P. using arguments similar to those given above.
PRECAMBRIAN IRON FORMATIONS
Precambrian iron formations have been traditionally divided into two broad categories 
based on age, lithological and tectonic association and size (Gross, 1965). Algoman- 
type iron formations were generally deposited in unstable volcano-Bedimentary basins 
(greenstone beltB) of Archaean age, in association with turbidites. These deposits are 
typically smaller and less continuous than Superior-type deposits. Superior-type iron 
formations are typically represented by the immense Early Proterozoic deposits familiar
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to most PreCambrian geologists. These rocks were deposited in stable epicontinental 
basins and are commonly associated with continental sedimentary rocks such as carbonates. 
The iron formations, themselves, are usually almost entirely devoid of a clastic component, 
attesting to the stable nature of the basins. Individual deposits are at least an order 
of magnitude larger than most of their Archaean counterparts. Iron formations of Late 
Precambrian age, such as the Rapitan iron-formation of north-west Canada, have not been 
emphasized previously by geologists but are now known to be quantitatively important 
(Young, 1976; Yeo, 1977; Delaney et al., 1980). These iron formations are much 
different than those deposited during the earlier Precambrian and deposition from up- 
welling hydrothermal solutions has been suggested (Delaney et al. , 1980).
Distinguishing Algoman and Superior iron formations on the basis of age and other criteria 
no longer seems valid. Previously, several authors had argued that the Superior-type 
iron formations were deposited over a very brief interval of between 2.1 and 2.0 Gyr B.P. 
(Cloud, 1973; Goldich, 1973). Recent U-Pb zircon dating of volcanic and tuffaceous units 
of the Hamersley Basin indicate an age of deposition, for the iron formations, of about 
2.49 Gyr B.P. (W. Compston et al., unpublished results). This is substantially greater 
than previously accepted dates of 2.2-2.0 Gyr B.P. If the correlations between the 
Hamersley and Transvaal Basins (Button, 1976a) are correct, then a much older age is 
indicated for the South African iron formations. Examination of iron formations in the
Archaean Gorge Creek Group of the Pilbara region led Fitton et al. (1975, p.14) to note, 
"The lateral persistence and order of thickness of this iron and chert group compare with 
those of the similar lower Proterozoic, Hamersley Group ....".
The minimum age of deposition for the large Early Proterozoic iron-formations is not well 
established. Dating of the iron formations of the Lake Superior region is plagued with 
uncertainties (Goldich, 1973). Conservative interpretations suggest deposition at 
between 2.2-1.9 Gyr B.P. (Goldich, 1973). Iron formations in the Labrador Trough, of 
eastern Canada, may be the youngest of the Superior-type. Fryer (1972) has given an 
age of deposition of about 1.85 Gyr B.P. Goldich (1973) presented evidence suggesting 
this is a metamorphic age but could only confine deposition to between about 2.2 and 1.9 
Gyr B.P.
Understanding of the ages of iron formations is clearly inadequate and several interpreta­
tions are still viable. It seems fairly clear that deposition of very large iron 
formations commenced during the Archaean-Deposition, in various basins, probably continued 
until at leaBt 2.0 Gyr and perhaps until 1.85 Gyr B.P.
DISCUSSION
It seems fairly well established that the early Precambrian atmosphere and hydrosphere 
were deficient in free oxygen. Exact levels of O2 are not known but upper limits of 
PO2 of 10“7-10-3 atm may be set for the atmosphere on the basis of rates of uraninite 
oxidation (Grandstaff, 1974). Significant quantities of O2 were introduced into the 
atmosphere-hydrosphere system between 2.6-2.3 Gyr B.P. This is significantly before 
the often quoted age of 2.0 Gyr B.P. The precise amount of O2 added is not known: 
however, it was enough to allow frequent production of oxidised species. Radiometric 
ages indicate that very large (Superior-type?) iron formations occurred well before, and 
well after the time of O2 introduction.
With the present understanding of Precambrian crustal, atmospheric and hydro6pheric 
evolution, a tentative hypothesis for the development of early Precambrian iron formations 
can be proposed. Prior to about 2.3 Gyr B.P., under conditions of very low pC>2 in the 
deeper oceans, dissolved Fe2+ could have been present in appreciable quantities (Holland, 
1973). At this time, precipitation of iron formations (mainly, but not exclusively, 
aagnetite-chert) commonly occurred. Owing to the unstable nature of depositional sites 
at this time (greenstone belts), these iron formations were typically relatively thin, 
of small lateral extent, and restricted to breaks in sedimentation and volcanism (Dunbar 
and McCall, 1971; Beukes, 1973). Rarely, when large, relatively stable basins formed 
during the Archaean, such as in the Pilbara of Western Australia, extremely large iron 
formations, comparable to Lower Proterozoic examples, could accumulate (Fitton et al., 
1975).
Wear the end of the Archaean (earlier in South Africa), a dramatic crustal event occurred
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which resulted in a fundamental change in crustal composition. This was also a period 
of major crustal growth (Veizer and Jansen, 1979). Probably coeval with this, the 
continents stabilized on a large scale allowing the formation of large, relatively 
6table epicontinental basins. As these basins developed, major accumulations of iron 
formation could occur during periods of minimal clastic influx. Several models, such 
as those of Holland (1972), Drever (1974) and Button (1976b), seem to adequately explain 
the depositional processes. In general, conditions were analogous to carbonate and 
evaporite deposition.
Sometime before about 2.3 Gyr B.P., significant amounts of O2 were introduced into 
the atmosphere and hydrosphere, resulting in an unstable ocean chemistry due to the 
presence of large quantities of reduced iron. The amount of Fe^ "*" added to the oceans 
decreased significantly after this time (Garrels et al., 1973). Deposition of large 
iron formations continued after the introduction of 02 until the large ocean reservoirs 
of Fe were extracted. The time span of this activity could have been as much as 
300-450 Myr. After about 2.0-1.85 Gyr B.P. there was insufficient dissolved iron in 
the oceans (or it was at too great a depth) to allow further development of such 
deposits.
Such a scenario seems compatible with the lithological associations observed for the 
Precambrian. It also is in agreement with available geochemical, isotopic age and 
geological constraints on the timing of crustal evolution, 02 evolution and iron forma­
tion development.
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ABSTRACT
C o n t i n e n t a l  s e d i m e n t a r y  r o c k s  o f  p o s t - A r c h e a n  age a r e  c h a r a c t e r ­
i s e d  by  e u ro p iu m  d e p l e t i o n  r e l a t i v e  t o  t h e  o t h e r  REE. T y p i c a l  v a l u e s  
f o r  Eu/E u*  a r e  0 . 6 5 + 0 .0 5  (w here  Eu* i s  t h e  t h e o r e t i c a l  v a l u e  f o r  no 
c h r o n d r i t e  n o r m a l i z e d  Eu a n o m a l y ) .
B a s a l t s  and  a n d e s i t e s  fro m  i s l a n d - a r c  s u i t e s  r a r e l y  d i s p l a y  
s i g n i f i c a n t  e u ro p iu m  a n o m a l i e s .  C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  
maximum am ount o f  s e d i m e n t  t h a t  can  b e  ad m ix ed  w i t h o u t  p r o d u c in g  a 
s i g n a t u r e  o f  Eu d e p l e t i o n  i s :
(a )  10% f o r  a MORB s o u r c e ;
%
(b) 1% f o r  p r i m i t i v e  m a n t l e  o r  a  s i n g l e  s t a g e  d e p l e t e d  m a n t l e ,  
and
(c) 0 .1 -0 .3 %  f o r  a t w o - s t a g e  d e p l e t e d  m a n t l e .
589.
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1. Sediment Subduction
Few subjects in the earth sciences have received more attention than 
that of island-arc magmatism. It is generally held that continental accre­
tion occurs as a result of such igneous processes [1,2] although it is not 
clear if they have been responsible for crustal growth throughout geo­
logical time [3,4]. In any context, island—arc magmatism is fundamental 
to the understanding of the differentiation history of the earth. A 
longstanding problem has revolved around the role of sedimentary rocks, 
of continental origin, in subduction and the subsequent development of 
island-arc igneous rocks. A brief survey of the literature indicates 
that estimates of the amount of sediment incorporated into the sub­
ducted slab range from 0—20%. The exact value is of crucial importance. 
For example, if no continental material is recycled into the mantle, 
then it is quite clear that the continents have grown throughout 
earth history in a continuous or quasi-continuous fashion [5,6, also 
see ref. 4] . On the other hand, if significant amounts of continental 
material are recycled into the mantle, then models involving very 
early formation of the continental crust, with subsequent large-scale 
recycling are valid [7,8].
In the basalt-andesite-dacite-rhyolite volcanic association of 
island-arcs, the basaltic rocks are likely to provide the least 
equivocal information concerning the nature of the source. Island-arc 
basalts are enriched in large ion lithophile elements (LIL) such as 
K, Ba, U, Sr, Pb and light rare earths (LREE), and depleted in the 
high field strength ions (eg. Zr, Nb, Hf) when compared to normal 
mid-ocean ridge basalts (N-type MORB). This indicates that island- 
arc basalts cannot be explained easily by simple partial melting
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o f  t h e  m a n t l e  an d  t h a t  a m ore co m plex  o r i g i n  i n v o l v i n g  a L I L - e n r i c h e d  
co m p o n en t  i s  c a l l e d  f o r  [ 9 , 1 0 , 1 1 ] .  S e d im e n ta r y  r o c k s  a r e  commonly 
a p p e a l e d  t o  a s  t h e  L I L - e n r i c h e d  c o m p o n en t .
H i s t o r i c a l l y ,  t h e  t a s k  o f  q u a n t i t a t i v e l y  c o n s t r a i n i n g  t h e  r o l e  o f
s e d i m e n t  i n  s u b d u c t i o n  h a s  f a l l e n  t o  t h e  i s o t o p i c  g e o c h e m i s t s .  The
P b - i s o t o p e s  a p p e a r  p a r t i c u l a r l y  s e n s i t i v e  an d  i t  h a s  b e e n  n o t e d  t h a t
i s l a n d - a r c  v o l c a n i c s  h a v e  P b - i s o t o p i c  c h a r a c t e r i s t i c s  i n t e r m e d i a t e
b e tw e e n  o c e a n i c  s e d i m e n t s  an d  MOPJB, t h u s  i n d i c a t i n g  a f a i r l y  s m a l l
com ponen t  (~2%) o f  s e d i m e n t  may h a v e  b e e n  i n c o r p o r a t e d  o r  m ix ed  w i t h
t h e i r  s o u r c e  [ e g .  1 2 ,  1 3 ] .  On t h e  o t h e r  h a n d ,  i t  h a s  b e e n  n o t e d  [1 0 ,
11] t h a t  LIL e n r i c h e d  t y p e s  o f  o c e a n  b a s a l t s  ( E - ty p e  MORB) h av e  P b -
i s o t o p i c  c h a r a c t e r i s t i c s  w h ic h  en c o m p a ss  i s l a n d - a r c  v o l c a n i c s  and  i n
some i n s t a n c e s  a r e  e v e n  m ore r a d i o g e n i c  t h a n  p e l a g i c  s e d i m e n t s ,  t h u s
g i v i n g  an a l t e r n a t i v e  e x p l a n a t i o n  f o r  t h e  P b - i s o t o p i c  c h a r a c t e r i s t i c s
o f  i s l a n d - a r c  v o l c a n i c s .  One u n am b ig u o u s  ex a m p le  o f  c r u s t a l  ( p e r h a p s
s e d i m e n t a r y )  c o n t a m i n a t i o n  h a s  b e e n  n o t e d  i n  t h e  B anda A rc  w h e re  
87 86 143 144S r /  S r -  N d / Nd o f  v o l c a n i c  r o c k s  form  a l i n e a r  t r e n d  b e tw e e n  
t h e  S unda  Arc t o  t h e  w e s t  ( a p p a r e n t l y  d e r i v e d  from  u n c o n t a m i n a t e d  
m a n t l e )  and  c o n t i n e n t a l  c r u s t  [ 1 4 ] ,  I t  h a s  b e e n  n o t e d ,  h o w e v e r ,  t h a t  
c a l c - a l k a l i n e  v o l c a n i c s  e r u p t e d  i n  c o n t i n e n t a l  s e t t i n g s  d i s p l a y  
s i m i l a r  b e h a v i o u r  i n  t e r m s  o f  S r -  an d  N s f - i s o to p e s  [10] . A f t e r  r e v i e w ­
i n g  t h e  i s o t o p i c  e v i d e n c e ,  P e r f i t  e t  a l . [10] c o n c l u d e d ,  " . . .  t h e
P b - ,  S r -  and  N d - i s o t o p i c  d a t a  do n o t  r i g o r o u s l y  c o n s t r a i n  . . .  t h e  
e x i s t e n c e  o r  am ount o f  s e d i m e n t a r y  c o n t a m i n a t i o n  . . . "  [ s e e  a l s o  r e f .  9 ] .
L e s s  w ork h a s  b e e n  done t o  a p p ly  g e o c h e m ic a l  c o n s t r a i n t s  t o  t h i s  
p r o b le m  [ 1 5 , 1 6 ] .  A f e a t u r e  o f  s e d i m e n t a r y  r o c k s  w h ich  h a s  n o t  b e e n  
p r e v i o u s l y  e m p h a s iz e d  i n  c o n s t r a i n i n g  s e d i m e n t  s u b d u c t i o n  i s  t h a t  t h e
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average Post-Archean sedimentary REE pattem (indicative of upper 
crustal abundances) is characterized by a significant negative Eu- 
anomaly [2-4, 17-21] with an average Eu/Eu* of about 0.65+0.05 
(where Eu* is the theoretical value for Eu where there is no chon- 
drite normalized Eu-anomaly). On the other hand, basaltic magmas 
derived from the mantle, including island-arc basalts, have no 
systematic Eu-anomaly [22,23]. Thus, if sediments are added to some 
mantle source (or a partial melt of the mantle), they would impose a 
negative Eu-anomaly, the magnitude of w’hich would be dependent on the 
nature of the source and the amount of sediment added. Partial melts 
from this material would retain their negative Eu-anomaly signature 
during subsequent melting events [24].
The importance of the negative Eu-anomaly in sedimentary rocks 
in addition to other characteristic sedimentary signatures such as 
Th/U ratios and boron contents was briefly commented on by Taylor 
and McLennan [4] and Taylor et al. [25]. They suggested that contri­
butions of more than 5-10% sediment in the formation of island-arc 
magmas would be detectable. In this paper we present detailed calcu­
lations which more rigorously constrain the role of sediments, of 
continental origin, in the formation of island-arc volcanics.
2. REE in Island-Arc Volcanics
The common basalts, basaltic andesites and andesites of island- 
arc suites rarely display europium anomalies, and averages of many 
analyses in this laboratory have Eu/Eu* values of 1.00+0.05 which is 
within our- analytical uncertainty. Where negative or positive Eu 
anomalies are encountered, as in the South Sandwich Islands basalts,
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these are readily attributed to removal or addition of plagioclase.
The parental magmas do not exhibit europium anomalies C 23.
Negative Eu anomalies commonly occur in the acidic end members of 
the calc-alkaline suite (eg. rhyolite). These are either due to 
fractionation processes [24,26-28], or to a separate origin. It is 
commonly held that the voluminous acidic ignimbrites and rhyolites, 
restricted to continental regions, result from intra-crustal melting.
In this event, their characteristic Eu depletion results from 
retention of plagioclase (and Eu) in the lower crust. We exclude 
these rocks from the subsequent discussion and concentrate on the 
basalts, basaltic andesites and andesites for which mantle origins 
are unequivocal. To minimise the effects of secondary fractionation, 
we further concentrate upon island-arc basalts, although the conclusions 
extend to andesites as well. Table 1 clearly shows that island-arc 
basalts are not significantly anomalous with respect to Eu.
In calculations of the type presented here, it is important to 
determine the magnitude of the Eu-anomaly which would be identifiable. 
From purely statistical considerations, one could confidently identify 
anomalous Eu behaviour of about 10% by analytical techniques such as 
neutron activation and spark source mass spectrometry, while anomalous 
behaviour of about 5% could be identified confidently by the more 
precise techniques of isotope dilution mass spectrometry. When fairly 
large numbers of samples are involved, however, these values would 
probably diminish significantly. We would suggest that if Eu/Eu* 
was less than 0.95 in island-arc basalts, it would not have escaped 
detection and the following calculations are made on the basis of this 
assumption.
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3. REE in Sediments
The uniformity of REE abundances in Post-Archean sedimentary 
rocks is well established [17-20]. It is generally accepted that the 
average REE pattern in fine-grained sedimentary-rocks closely reflects 
the pattern in the upper continental crust [2-4,21,30]. One such 
average is the Post-Archean Average Australian Shale (PAAS) determined 
by Nance and Taylor [20, see Table 2]. The abundances in this average 
is essentially the same as other composite samples such as the North- 
American Shale Composite (NASC) [30] and the European Shale composite 
(ES) [31]. Table 2 and Figure 1 illustrate several average analyses 
of pelagic sediments and compare them to PAAS. All are characterised 
by LREE enrichment and significant negative Eu-anomalies [30].
For the calculations below, PAAS is used as the sedimentary 
component since the REE pattern is better constrained (ie. data on more 
elements available) and probably best reflects the upper continental 
crust. The pelagic sediments may have marginally lower La^/Yb^ and 
higher IREE and Eu/Eu* than PAAS but it is not certain if these 
differences are significant. If the average pelagic sediment listed 
in Table 2 is used in the following calculations, the effects noted 
would be even more severe, because of their higher absolute abundances. 
It should be noted, however, that such calculations do not apply to 
first-cycle volcanogenic sediments which may be derived from the arc 
itself, since REE patterns of such material simply reflect the volcanic 
source [34]. On the other hand, detritus from more differentiated 
arc-related plutonic rocks or late stage tuffs commonly have negative 
Eu-anomalies and thus are relevant to the present discussion.
7.
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4. Mixing Calculations
To examine the effects of sediment subduction on REE patterns, 
we have considered four possible primary sources for island arc
vclcanics:
(1) the subducted oceanic crust (ie. MORE);
(2) primitive mantle;
(3) single stage depleted mantle (ie. similar to the 
source of MORB); and
(4) two stage (highly) depleted mantle (ie. MORB source 
following MORB extraction).
The values for the various components are listed in Table 3, and 
illustrated on chrondriie normalized diagrams in Figure 2. Chondrite 
values are from Taylor and McLennan [4], and are also listed in 
Table 3. The value for MORB was arbitrarily taken to be 15 times 
chrondritic for the HREE and 7 times chrondritic for La. These 
values are comparable to typical N-type MORB [35-38] and if anything, 
have somewhat higher abundances than an average MORB. Values for 
primitive mantle were taken at 1.5 times chondritic. The values for 
depleted mantle (DM) was taken to be a factor of ten lower than MORB 
for HREE with slightly greater LREE depletion. Such values are con­
sistent with the nodule data [39]. Values for strongly depleted 
mantle (HDM) was taken to be 0.2 * chondrite for the LHREE and
La /Yb = 0.15. Such values are consistent with those given by KayN N
[40] .
The effects of mixing continentally-derived sediment to the 
various sources are shown in Table 3 and Figure 3. If it is assumed 
that Eu/Eu* <0.95 would be detected in island arc-basalts, then for
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, the maximum sediment that could be accommodated
land-arc volcanics is as follows: 
a MOR3 source; 
rimitive mantle;
single stage depleted mantle [DM] source; and 
two-stage depleted mantle [HDM] source.
ions assume thorough mixing of the various components 
mce such conditions are called for by adherents of 
models [7,8,40]. Whether such mixing takes place 
It is well known that mantle inhomogeneities persist 
:.es, arguing against efficient mixing in the mantle 
ts were subducted, they might well remain as discrete 
stage, conceputal models of mixing phenomenon in 
are not constrained and extremely difficult to test.
8.
thoughts on the origin of island-arc volcanics 
_ state of flux and recent reviews [10,11] have 
certainties in all of the presently available models, 
-anc-arc volcanics by direct melting of subducted 
received early support but more recent geochemical 
. craints indicate such a source probably can be dis­
even if an LIL-enriched component, such as 
d. Generation of island-arc volcanics from prim­
ers inconsistent with the Nd-isotope data [9,29,43]. 
ion of island-arc volcanics from highly depleted 
this study) such as that suggested by Green [44]
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can  a l s o  b e  d i s c o u n t e d  on t h e  b a s i s  o f  g e o c h e m ic a l  b a l a n c e  a r g u ­
m e n ts  [ 4 0 ] .  Thus t h e  e x t r e m e  m o d e ls  d i s c u s s e d  i n  t h i s  p a p e r  a r e  
p r o b a b l y  l e a s t  r e l e v a n t  (h o w e v e r ,  c f .  r e f . 4 0 ) .
A l th o u g h  no c o n c e n s u s  i s  a v a i l a b l e ,  a p o p u l a r  m ode l  f o r  t h e  
g e n e r a t i o n  o f  i s l a n d - a r c  v o l c a n i c s  i n v o l v e s  m e l t i n g  o f  d e p l e t e d  
m a n t l e ,  p r o b a b l y  above t h e  s u b d u c t i o n  z o n e ,  w h ic h  h a s  some ad d ed  
L I L - e n r i c h e d  co m p o n en t  [ 9 , 1 0 , 1 1 ] .  C l e a r l y ,  f rom  t h e  c a l c u l a t i o n s  
d i s c u s s e d  a b o v e ,  m o d e ls  o f  t h i s  n a t u r e ,  w h ic h  a p p e a l  t o  s e d im e n t  as  
t h e  L I L - e n r i c h e d  co m p o n en t ,  a r e  r e s t r i c t e d  t o  a b o u t  1% s e d i m e n t .
R e c e n t ly  , Kay [40] h a s  p r o p o s e d  a  co m p lex  m odel f o r  t h e  o r i g i n  
o f  i s l a n d  a r c  v o l c a n i c s  w h e reb y  s m a l l  am o u n ts  o f  s e d im e n t  (0.1% -  
0 .1 2 5 % ) ,  v a r i a b l e  am o u n ts  o f  o c e a n  c r u s t  (MORB) and  s e a - w a t e r - d e r i v e d  
m a t e r i a l  s u c h  as  K and  Rb a r e  ad d e d  t o  h i g h l y  d e p l e t e d  p e r i d o t i t e  and  
m e l t e d  t o  v a r i a b l e  d e g r e e s  t o  fo rm  t h e  d i f f e r e n t  r o c k  t y p e s  fo u n d  i n  
i s l a n d - a r c  r e g im e s .  A l th o u g h  t h i s  m o d e l  a p p e a r s  t o  e n c o u n t e r  c o n s i d ­
e r a b l e  d i f f i c u l t y  i n  e x p l a i n i n g  a nu m b er  o f  t r a c e  e l e m e n t  and  
i s o t o p i c  c h a r a c t e r i s t i c s  i n  i s l a n d - a r c  r o c k s  [ 1 0 ,1 1 ,1 6 ]  i t  i s  n o t  
c l e a r  i f  t h e  c o n s t r a i n t  f rom  E u - a n o m a l i e s  i s  e x c e e d e d .  The l i m i t  on 
s e d i m e n t  s u b d u c t i o n  i n d i c a t e d  f o r  t h i s  m o d e l  f rom  T a b le  3 and  F i g u r e  
3 i s  0 .2% . T h i s  v a l u e  d ep e n d s  c r u c i a l l y  on t h e  a v e r a g e  v a l u e  o f  
h i g h l y  d e p l e t e d  m a n t l e  c h o s e n ,  a v a l u e  n o t  w e l l  known. More r e a l i s t ­
i c a l l y ,  i t  can  p r o b a b l y  o n l y  b e  s a i d  t h a t  t h e  u p p e r  l i m i t  on s e d im e n t  
s u b d u c t i o n  f o r  su c h  m o d e ls  l i e s  i n  t h e  r a n g e  0 . 1 - 0 .3 % .  The v a l u e  f o r  
s e d i m e n t  s u b d u c t i o n  a d o p t e d  by  Kay [40] f o r  t h e  o r i g i n  o f  an i s l a n d -  
a r c  t h o l e i i t e  was 0 .1 % -.1 2 5 % , b u t  he  a l s o  a d o p t e d  v e r y  low REE 
a b u n d a n c e s .  T h u s ,  t h e  E u /E u*  f o r  t h e  m e l t  i n  h i s  m ode l  i s l a n d - a r c  
t h o l e i i t e  w o u ld  be e x p e c t e d  t o  h av e  E u /E u*  ~ 0 . 9 3 - 0 . 9 5  and m ig h t  be
10.
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expected to be detected. His model compositions which also involve 
components of MORB, cannot easily be tested from these constraints.
6. Conclusions
The amount of sedimentary rock which can be included in the 
source of island-arc magmas is reasonably constrained by the Eu- 
anomaly that such mixing would impart on the source compositions.
For direct melting of MORB/ the least likely candidate, the fraction 
of sediment can only be constrained to about 10%. Models which appeal 
to melting of primitive mantle or depleted mantle (similar to the 
source of MORB) are constrained to about 1% sediment. Models which 
involve depleted mantle. [44] are constrained to about 0.1-0.3% 
sediment, but variations on this model, involving complex mixing­
melting events [40] cannot be stringently tested from these constraints.
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TABLE 1. Rare earth elements in basalts from island-arc settings 
(concentration in ppm).
1 2 3 4 5 6 7
La 5.2 14.6 23.1 4.0 4.4 - 4.78
Ce 14.6 32.1 53.6 11.0 12 21.1 12.2
Pr 2.0 4.0 5.5 1.7 1.8 - 1.69
Nd 9.2 17.6 21.3 8.6 8.5 13.5 8.23
Sm 2.4 4.0 4.1 2.5 2.4 3.42 2.21
Eu 0.86 1.3 1.3 0.91 0.85 1.23 0.79
Gd 2.7 4.0 3.5 3.0 2.8 3. 81 2.52
Tb 0.48 0.68 0.54 0.55 0.47 - 0.43
Dy 3.0 4.0 3.0 3.6 3.0 3.84 2.82
Ho 0.69 0.89 0.67 0.79 0.65 - 0.63
Er 2.1 2.5 1.77 2.3 1.9 2.33 1.85
Yb 2.0 2.4 1.5 2.2 1.8 2.13 1.78
LaN 1.8 4.1 10.4 1.2 1.7
„ _a) 2.7 1.8
Eu/Eu* 1.03 0.98 1.02 1.01 1.00 1.04 1.02
1 = average of 4 tholeiitic basalts, Sunda Arc [28].
2 = average of 4 calc-alkaline basalts, Sunda Arc [28].
3 = 1 high--K calc:-alkaline basalt, Sunda Arc [28] •
4 = average of 3 MUW-group basalts, Witu Islands [26] .
5 = average of 2 island-arc basalts, New Britain [29] .
6 = average of 6 baslats, South Shetland Islands [27].
7 = average of 12! island-arc basalts , Newr Britain island-arc [25].
a) estimated.
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TABLE 2. Rare-earth elements in pelagic sediments (concentration 
in ppm).
1 2 3 4 AVERAGEPELAGIC PAAS
La 26 45.5 58 28 42 38
Ce - 101 - - - 80
Pr 7.2 - - - - 8.9
Nd 30 43 60 24 41 32
Sm 5.8 8.35 14 5.1 8.0 5.6
Eu 1.6 1.85 3.6 1.2 1.8 1.1
Gd 6.5 - 15 4.8 8.3a) 4.7
Tb 1.1 1.42 - - - 0.77
Dy - - 13 4.2 - 4.4
Ho 1.0 - - - - 1.0
Er 3.2 - 7.2 2.3 - 2.9
Yb 3.0 3.82 7.3 2.4 3.8 2.8
LaN‘/Yb 5.9N 8.1 5.4 7.9 7.5 9.2
Eu/Eu* 0.79 0.65 0.75 0.73 0.67 0.65
1 = average of 7 ocean sediments (one sample with very large Eu
uncertainty was excluded [17] .
2 = average of 501 pelagic sediments [32].
3 = average of 3 low latitude pelagic clays [33].
4 = average of 6 high latitude pelagic clays [33].
AVERAGE PELAGIC =: weighted average of Columns 1, 2, 3, 4.
PAAS = Post-Archaean Average Australian Shale [20].
a) estimated.
1 8 . 6 0 5 .
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Figure Captions
Figure 1. Chondrite-normalized FEE patterns of pelagic sediments 
(from Table 2). Also included is the REE pattern for PAAS (Table 
2). All patterns are characterized by light rare earth element 
enrichment and significant negative Eu-anomalies.
Figure 2. Chrondrite-normalized REE patterns of possible sources
for island-arc magmas. Included are mid-ocean ridge basalt 
(MORB), primitive mantle (PM), single stage depleted mantle (DM) 
and two-stage (highly) depleted mangle (HDM). Also included is 
the REE pattern for PAAS. Data from Table 3 (see text for dis­
cussion) .
Figure 3. Chrondrite-normalized REE patterns showing the effects 
of mixing PAAS to the possible sources of island-arc magmas 
(see Table 3). Mixing proportions shown result in Eu/Eu* <0.95. 
It is suggested that such Eu-anomalies would probably be detected 
in rocks derived by partial melting of such sources.
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